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ABSTRACT

Adams, Ebonni Joyell. MITIGATION OF EDGE DELAMINATION IN POLYMERIC
COMPOSITES BY POLYMER NANOFIBER INTERLEAVING. (Major Professor:
Dr. Kunigal Shivakumar), North Carolina A&T State University.
High interlaminar stresses combined with weak interlaminar strength and
toughness cause delamination in polymer composites used in aerospace applications.
Delamination behavior of polymer composites has been demonstrated analytically as well
as experimentally in literature. A number of methods used to prevent delamination such
as matrix toughening, optimization of stacking sequence, laminate stitching, use of
braided fabric, edge cap reinforcement, critical ply termination, and replacement of a stiff
ply with a ductile ply, have been tried but resulted in increased cost, increased weight,
loss of in-plane properties, and their combinations.
The objective of this research was to assess the effect of polymer nanofiber
interleaving on the onset of edge delamination and propagation under both static and
cyclic loading conditions. The material selected was AS4/3501-6 carbon fiber/epoxy
laminate, an aerospace grade autoclave processed composite. The interleaving fabric was
Nylon-66 produced by an electrospinning process. The equivalent thickness was 0.82
m, average areal density was 0.93 g/m2, and diameter range was 75 – 200 nm.
The stacking sequence selected was the (0n/90n)s laminate with n = 2 and 6 which
possess high interlaminar transverse and normal stresses at the edges.

Both non-

interleaved (base) and interleaved specimens were fabricated and tested under tensile

static and cyclic loading. The cracking and delamination behavior was observed in-situ
using high speed photography.
Static tension test results showed that the interleaved (02/902)s laminates had an
increased delamination onset strength of 7% over that of the base laminate with the same
stacking. The crack initiation stress was 15% higher and the crack density at saturation
was 14% higher for the interleaved laminates. The interleaved (06/906)s laminates had
enhanced delamination onset strength of 11%. Crack initiation stress and crack density at
saturation increased by 11% and 23%, respectively.
The tension-tension fatigue tests for the (02/902)s laminates revealed increased
delamination onset life by 10 times for the interleaved laminates. Delamination onset life
increased by 15 times at the 0.95 stress level, 3 times at the 0.85 stress level, and 11 times
at the 0.75 stress level. At the 0.95 stress level, the (06/906)s laminates with interleaving
had delamination onset life increase by 10 times. There were delamination onset life
increases by 6 times at the 0.85 stress level and 7 times at the 0.75 stress level.
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CHAPTER 1
INTRODUCTION

Polymer matrix fiber reinforced composites are often used because of their
superior specific strength and stiffness and fatigue and corrosion resistance. They are
being used in applications such as performance in structures like aerospace components,
and marine structures. In this chapter, study of polymer matrix composites and their
limitations are explored as a path to improve their delamination performance are
discussed.

In addition, the objectives of the research and how this dissertation is

organized are presented.

1.1

Background and Literature
High interlaminar stresses combined with weak interlaminar strength and

toughness are a problem with polymer composite laminates. Classical laminate plate
theory assumes that the properties of the laminate are homogeneous through the thickness
and there are no interlaminar transverse stresses. Near the laminate free edge, classical
laminate theory no longer applies because the state of stress is three-dimensional
(Amrutharaj ,et. al., 1996). Anisotropic mismatch of mechanical and thermal properties
cause high interlaminar stresses at the free edges resulting in matrix cracking and
delamination. This has been demonstrated analytically as well as experimentally in
literature. Delamination, the separation of laminas or adjoining layers in a laminate, is the

1

most prominent failure mode in nearly all fiber reinforced polymer composite laminates
(Amrutharaj,et. al., 1996, O’brien, et. al, 1990, Chen, 2004)
1.1.1

Study of the Edge Delamination Problem
Free edge delamination uniaxial tensile tests have been performed since the

1970’s (Tsai, 1996). Test coupons are typically configured as shown below in Figure 1.1
below where t is the laminate thickness, w is the laminate width and  is the in-plane
applied stress (Lee, 1990). Lee performed an experimental edge delamination study
confirming photographically the difference in crack paths along the edge for
[±30/±30/90/

]s laminates fabricated with R922, R914, and R6376 epoxy resins

reinforced with T500 carbon fibers. The test results demonstrated a change in crack path
from transverse at the (-30/90) interface to zig-zag at the 90⁰ ply interface.

Figure 1.1. Typical edge delamination tensile test coupon (Lee, 1990)

2

Figure 1.2 shows a schematic of the zig-zag crack formation within the 90⁰ ply
and at the 0⁰ interface (Wang, 1985). Cracks are able to propagate because of high free
edge stress. Figure 1.3 shows the through the thickness stress distribution near the free
edge for several stacking sequences. As shown, interlaminar normal stresses at the edge
are higher for angular difference between the adjacent fibers greater than 30⁰.

Figure 1.2. Schematic of the zig-zag crack path between 90⁰ plies (Wang, 1985,
Schellekens, et. al., 1994)

Figure 1.3. Effect of angular differences on interlaminar stresses (Daniel, 2006)

3

It has been reported that high interlaminar stresses are contained in a laminar edge
zone equivalent to the laminate thickness and that edge delamination is the result of
interlaminar stresses in this zone (Whitney, 1972). This would imply, for example, that
for a 0.75 in. wide eight-layer cross-ply laminated specimen made of 0.05 in. thick
carbon fiber prepreg, the edge zone where high interlaminar stresses are contained is 0.40
in. In this example, the edge zone is slightly over half the width of the specimen.
Therefore, according to this theory, observations of the delamination behavior at the edge
could accurately represent the through-the-thickness behavior of the laminate for this
particular configuration.
However, Kim and Soni postulated that as long as the fiber volume fraction of
each ply in the laminate in maintained, the calculated normal component of stress in the
z-direction (interlaminar stress) is independent of ply thickness based on the maximum
stress failure theory (Kim and Soni., 1984). They also reported through experimentation
that laminates with higher thickness require less stress to evoke delamination onset.
Tests were conducted in uniaxial tension on laminates made of T300/5208 graphite epoxy
with ply orientations described as [(±30)n/90n]s for n = 1, 2, 4, 6, 10 and [0n/±45n/90n]s
for n = 1, 2, 3, 6. The delamination onset stress of the [0/±45/90]s laminate was captured
by acoustical emission as shown in Figure 1.4. Figure 1.4 shows that delamination
occurred at about 60 ksi. From the figure, it can be observed that the crack threshold
stress (stress level at which the first signs of matrix cracking can be detected) was about
30 ksi.

4

Figure 1.4. Delamination stress captured by acoustic emission (Kim, et. al., 1984)

The delamination prediction was calculated based on an average failure stress
criterion derived from the global-local analysis of the model to predict delamination
threshold stress by Pagano and Soni in 1983. The model they designed designates
separate boundary conditions for a small location of interest or local area, and the larger
total laminate. The global laminate can have an order of magnitude more plies than the
local area. Equations of equilibrium were derived for the local region by a variational
principle using the Reissner functional. Potential energy equations were used to derive
the governing equations for the global region.
The optical grating reflection method was used as a form of “on-line” observation
of damage of an unspecified carbon fiber reinforced plastic under static tensile loading
(Schütze and Goetting, 1985). The laminates used for the study were designed with
5

(02/+45/02/-45/0/90)s stacking.

X-ray radiography was used in this study to show the

onset and growth of edge delamination after testing. Figure 1.5 shows the delamination
onset and growth observations captured by this study. Optical grating photographs were
compared to X-ray photos for correlation.

Figure 1.5. Optical grating photographs of delamination onset and progression of
(02/+45/02/-45/0/90)s laminate under static tensile loading (a) 700 N/mm
(b) 712.5 N/mm (c) 750 N/mm (d) 800 N/mm (e) 850 N/mm
(f) 900 N/mm (g) 950 N/mm (Schütze and Goetting, 1985)

This study revealed delamination at the (0/90) interface as waviness along the
laminate edge. Fatigue tests were conducted to observe the delamination onset and
growth within laminates with the same stacking. Optical grating photos showed that
delaminations progressed quickly after 100 cycles. The results are shown in Figure 1.6.
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Figure 1.6 . Optical grating photographs of delamination onset and progression of
(02/+45/02/-45/0/90)s laminate, tensile-tension fatigue loading
(a) 0 cycles (b) 100 cycles (c) 700 cycles (d) 1,000 cycles (e) 2,000 cycles
(Schütze and Goetting, 1985)

A study was conducted on (+30/-30/90)s laminates to detect edge delamination
using tensile loading and verification by cohesive zone model using finite element
analysis (Sihn, Park, Kim, et. al., 2006). Tensile test coupons were fabricated by
interleaving using an polycarbonate film between each ply.

This report shows

photographs of the damaged test coupon at different stages only after removal from the
test rig.

Figure 1.7 shows the micrographs of cracking in the 90⁰ layers that has

propagated to the (-30/90) interface. As shown in the photo, matrix cracking could be
detected and delamination was predicted however, these studies did not account for the
potential stress relaxation that occurs from removal of the specimen from the stress
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source. Delamination onset was reported to have improved by 8.4%. However, this
study did not include the (0/90) case which has the highest interlaminar stresses.

Figure 1.7. Edge delamination study using cohesive zone model
(a) Wide crack in 90° layer (b) Narrow crack in 90° layer
(Sihn, Park, Kim, et. al., 2006)

1.1.2

Edge Stresses in (0/90)s Laminates
Many delamination onset studies have been reported.

However, not many

researchers have considered the (0/90) cross-ply stacking sequence. Cross-ply laminates
have the highest interlaminar stresses due to extreme mismatch of the Poisson effect
caused by tensile loading. While stresses caused by loading along the 0° fiber direction
(x-direction) cause the 0° ply to contract significantly (Poisson effect), the 90° layers are
only slightly affected geometrically. The Poisson mismatch can be very high causing
high interlaminar stresses. A schematic of the interlaminar stress due to Poisson effect of
0⁰ and 90⁰ laminates is shown in Figure 1.8 (Daniel and Ishai, 2006).
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Figure 1.8. Poisson mismatch and interlaminar stresses, (0/90) laminates
(a) Loading of 0° fibers (b) Loading of 90° fibers (c) Shear
Stresses in 0° layer (d) Shear stresses in 90° layer (e) Combined
shear stresses (Daniel and Ishai, 2006)

A very recent analysis was performed to quantify the bare interface versus resin
interlayer effect at the (0/90) laminate interface on edge stresses (Ghantae and
Shivakumar, 2011).

This study considered the hypothesis that by adding a resin

interlayer at the (0/90) interface of a laminate, the interlaminar stresses at that interface
could be more accurately modeled analytically. Schematics of the bare interface and
resin interlayer models are shown in Figure 1.9.

The dark line represents a resin

interlayer that was predicted to be a more realistic description of a (0/90)s laminate. It is
described in the literature as a “resin rich” area that can be observed between the 90°
fiber tips and the 0° fiber edges in the laminate under a microscope.
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Figure 1.9. Schematic of bare interface and resin interlayer models
(a) Bare interface (b) Resin interlayer (Ghantae and
Shivakumar, 2011)

The bare interface model was constructed for a [0/90]s laminate using ANSYS.
The results for the through-the-thickness distribution and edge values for z/Exo were
shown to be in good agreement with previous research. Next, an analysis was performed
to compare the edge stresses of the bare interface to that of resin interlayers with 2.5%,
5%, and 7.5% of the ply thickness for AS4/3501-6. The model showed that there was a
slightly more abrupt increase in the z/x ratio of edge stresses within 1% of laminate
width from the free edge. Figure 1.10 shows the plot of normalized transverse z stress
versus the distance from the laminate edge. The bare interface is shown with circular
symbols. In the figure, the stress appears to increase steeply near the laminate edge. This
is an indication of singular interlaminar stress within the laminar edge zone (Lee, 1990).
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Matrix cracks in the 90⁰ layer would be reaching the (0/90) interface where the stress
singularity is greatly concentrated making delamination onset eminent. These results
show that adding the resin interlayer appears to somewhat alleviate the stress
concentration near the edge. The stress ratio also decreased in magnitude with increased
resin interlayer thickness.

Figure 1.10. Analysis of edge stresses for (0/90)s laminate with bare interface and
resin interlayers (Ghantae and Shivakumar, 2011)

1.2

Mitigation of Edge Delamination
Delamination is the primary cause of failure in laminated composite materials.

Many research efforts have been conducted in order to study the edge delamination
behavior of composites and ways to mitigate it.

These include matrix toughening,

mechanical alterations, and optimization of the stacking sequence through critical ply
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termination all of which result in increased weight and/or loss of in-plane properties
(O’Brien, 1990, Chen, 2004, and Shivakumar, Lingaiah, Chen, et. al., 2009).
1.2.1

Matrix Toughening
Many methods of matrix toughening have been explored in research. In one study

epoxy was toughened with granite powder filling and polybutylene terephthalate (PBT)
(Ramakrishna and Rai, 2006). A 100 g sample of locally collected granite filler was
washed, dried, and prepared with coupling agent. The concentration of granite/PBT in
the DGEBA (Diglycidyl ether of bisphenol-A) (Epoxy Resins, 2007) epoxy was varied
between 1% and 4% by weight. The mixture was stirred at 150 ⁰C for 1 hour then cooled
at room temperature. The tensile properties reported are shown in Table 1.1. Maximum
improvement was achieved at 2% PBT but did not solve the problem of improving
interlaminar toughness.
Another method of matrix toughening is halloysite nanotube dispersion (Ye, Chen,
Chan, et. al., 2009). It was reported that these nanotubes perform best in concentrations
of 2% or less by weight. There was a 37% improvement of interlaminar shear strength
but no report of improved toughness.
Other methods of matrix toughening include thermoplastics such as PSF and PES
(Zengliand Yishi, 1989), and nanoclays (Siddiqui, Woo, Kim, et. al., 2007). PSF and PES
toughening had positive results without negatively affecting the Tg and the Young’s
modulus. The PSF played an instrumental role in “crack pinning” or arresting the
progression of cracks. However, delamination arrest or mitigation requires an increase of
the interlaminar toughness of the material
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Nanoclays are often paired with other materials such as rubber (Balakrishnan,
Start, Raghavan, et. al., 2005). A 20% increase in modulus was achieved with at least
5.5% clay concentration. Rubber has also been used to toughen epoxy resin that has
CNTs already dispersed (Salinas-Ruiz, Skordos, and Partridge, 2010). It was discovered
that the carbon nanotubes had a positive effect on triaxial stresses by indirectly enhancing
the existing toughening mechanisms of the rubber. No new toughening ability was
discovered by adding the carbon nanotubes. Dispersion techniques, mixing quality, and
agglomeration are the major set-backs of matrix toughening. Also, industry most often
rejects toughened matrix material due to lack of certainty of its properties and/or
performance.
1.2.2

Mechanical Alteration
Mechanical alteration is another way to mitigate edge delamination. Figure 1.11

shows examples of mechanical alteration methods (Mallick, 1997). These include edge
notching, edge capping, and stitching.

Mechanical alteration methods add weight,

processing time, and often affect in- plane laminate properties.

Figure 1.11. Examples of mechanical alteration to mitigate edge delamination
(a) Edge cap (b) Notched edges (Mallick, 1997)
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1.2.3

Interleaving
Interleaving is another method that has been explored to alleviate the edge

delamination problem. It has been reported in literature that adhesives and films can be
used as interleaving materials to reduce delamination in unidirectional and quasi-isotropic
carbon fiber reinforced polymer laminates (Chan, Rehfield, and O’Brien, 1987).
Utilization of these methods often results in poor resin adhesion, anisotropy, and loss of
in-plane mechanical properties. Chan, Rehfield, and O’Brien conducted a study in 1987
on several stacking sequences with an adhesive layer inner strip at the high stress
interface as shown in Figure 1.12.

Figure 1.12. Composite layup with adhesive interleave layer
(a) Full layer (b) Edge strips (c) Strip offset from edge
(Chan, Rehfield, and O’Brien, 1987)

Particle interleaved prepreg material was produced by Toray Corporation and was
chosen by Boeing for structural applications on their 777 aircraft (Shuvakumar, Lingaiah,
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Chen, et. al., 2009). The T800/3900-2 was reported to have superior resistance to impact
damage and three-times the fracture toughness over previously used materials. However,
the thermoplastic particle interleaved prepreg increased the laminate thickness by 20%,
decreased axial stiffness and strength of 18%, and a lower glass transition temperature
(Tg) due to the softening of thermoplastic particles. Shivakumar and his associates tested
the properties of T800/3900-2 particle interleaved prepreg and compared them to
electrospun Nylon 66 nanofiber interleaved AS4/3501-6. Electrospun Nylon 66 fibers
add negligible weight and thickness (~1%) to the laminate while providing a ductile
inter-layer to absorb impact energy and enhance interlaminar toughness (Shivakumar,
Chen, and Ali, 2011, Lingaiah, Shivakumar, and Sadler, 2008). The study showed that
the electrospun Nylon 66 interleaved laminate had increased damping of 13%, reduced
impact damage by 66%, increased fracture toughness by 30% and increased initiation
resistance of 30%. The delamination onset life of the Nylon 66 interleaved laminate also
had increased delamination onset life by 60%.
Based on the performance of electrospun Nylon 66 nanofiber interleaved
composites, the work is extended to assess edge delamination on (0/90)s laminates in
tension-tension fatigue. The (0/90) layup was chosen as a novel approach because of
high edge stresses and lack of previously reported research. Using the in-house apparatus
at North Carolina A&T State University will expedite the process of producing laminates
with this type of interleaving. Also, given that the laminates produced in previous studies
have not included the cross-ply [0/90] configuration exclusively, polymer nanofiber
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interleaving of composites with this layup is a novel approach to the experimental study
of mitigation of edge delamination in polymeric composites.

1.3

Objectives of the Dissertation
The overall objective of this research is to assess the effect of electrospun Nylon

66 nanofiber interleaving on edge delamination onset strength and life of carbon/epoxy
laminates with cross-ply stacking under static and cyclic tensile loading. Specifically, the
objectives are to:
1. Assess of delamination onset strength by tensile loading. This includes:
a. Determination of matrix crack initiation threshold stress in 90⁰ ply
b. Determination of matrix crack density at saturation
c. Determination of crack saturation stress
d. Determination of delamination onset stress
2. Assess of delamination onset life by fatigue loading. This includes:
a. Determination of damage onset and progression
b. Determination of delamination onset life
3. Establish stress-delamination onset life relationship
The material used in this research was aerospace grade AS4/3501-6 carbon fiber
reinforced epoxy prepreg. Nylon 66 nanofibers were produced by electrospinning for use
as interleaving reinforcement. Full sheet interleaving (no strips) was used.
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1.4

Scope of the Dissertation
The work performed in this research is presented in the following order: Chapter

1 provides an introduction to the edge delamination problem and the concept of
interleaving. Chapter 2 describes the materials used, including the electrospun polymer
nanofiber characteristics, laminate stacking, and manufacturing method. Also found in
Chapter 2 is the test coupon preparation. Chapter 3 describes the static tensile test
procedure and delamination onset strength results. Chapter 4 details the tension-tension
fatigue tests and delamination onset life studies that produced the cyclic stressdelamination onset life curves and variables for the damage prediction model. Finally,
Chapter 5 presents concluding remarks and suggestions for furthering this research.
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CHAPTER 2
POLYMER NANOFIBER PREPARATION AND FABRICATION OF
CROSS-PLY LAMINATES

A method of producing Nylon 66 nanofiber interleaved cross-ply carbon/epoxy
laminates is described in this chapter. Both thin (02/902)s and thick (06/906)s layups were
considered. Autoclave manufacturing was used to process base and interleaved laminates
per the prepreg manufacturer’s specifications.

Laminate manufacturing quality was

verified by visual inspection, geometric measurement, and coin tapping tests.

Test

coupons were cut and tabbed according to the appropriate ASTM standard. The edge of
the test coupons was coated white to increase crack visibility during tensile and fatigue
testing.

2.1

Concept of Polymer Nanofiber Interleaving in Carbon/Epoxy Composites
Electrospun polymer nanofiber interleaving to improve interlaminar toughness is

a novel method of interface reinforcement for composite laminates (Reneker and Iksoo,
1996, Kim and Mai, 1998). Electrospinning as a way to produce very small fibers was
revived in 1995 (Sarker, Gomez, and Zambrano, 2010). Solid fibers are formed from a
polymer melt solution which is passed through a millimeter-scale nozzle charged with a
high voltage electric current (Hohman, Shin, and Rutledge, 2001). The idea of polymer
nanofibers will be successful if interlaminar toughness of the carbon/epoxy composite
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laminate is enhanced. Also, properties of the nanofibers are dependent on the polymer
chosen.

2.2

Electrospinning of Nylon 66 Nanofibers
Electrospinning was chosen as the method to produce the Nylon 66 nanofibers.

The process was very delicate and required close attention to details. Setup had to be
precise and consistent in order to reproduce the resulting fibers. Several configurations
were available including single or double needles, traversing or stationary needles, and
stationary or rotating collector. This section describes the chosen configuration and setup
parameters for this study along with a description of the morphology of the fibers
produced.
2.2.1

Setup and Apparatus
Nylon 66 nanofibers were produced by single-needle electrospinning using an in-

house built apparatus (Shuvakumar, Lingaiah, Chen, et. al., 2009). A general schematic
of the electrospinning process is shown in Figure 2.1. For this study, a single-needle
process with a rotating collector and traversing needle was used. The rotating collector
allows for continuous and uniform collection of the fibers. An aluminum substrate is
used to balance the grounding voltage and helps to attract the fibers to the collector.
This electrospinning process produces polymer nanofiber mats.

With the

traversing needle attached to a scanner which sweeps the length of the drum constantly
throughout the process, uniform thickness of the nanofiber mat is maintained. The
traversing motion is controlled by a motor installed in the system. For this study, the
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needle was set to traverse at 10 in/minute. The fibers that produce the mats can have
diameters of less than 100 nm (Shuvakumar, Lingaiah, Chen, et. al., 2009, Sarker,
Gomez, Zambrano, et. al, 2010 and Hohman, Shin, Rutledge, et. al., 2010).
apparatus used is shown in Figure 2.2.

Figure 2.1. Schematic of the electrospinning process

Figure 2.2. Electrospinning apparatus
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The

Dupont Zytel 101 Nylon 66 pellets (molecular weight = 20,000 g/mol) were
chosen for polymer nanofiber interleaving. The polymer solution was made by adding
Nylon 66 pellets to a 75/25 weight ratio of formic acid and chloroform solution
(Shuvakumar, Lingaiah, Chen, et. al., 2009). The mixture was magnetically agitated at
room temperature until it formed a homogeneous solution. Nylon 66 has very high
elongation to fracture. Its high melting/softening temperature of 480 ⁰F insures survival
of the autoclave cure process. Furthermore, Nylon 66 readily bonds with epoxy resins.
The polymer mixture was transferred to a 50 ml medical syringe. Fluid flow
tubing was connected to the end of the syringe prior to connecting the syringe to the fluid
flow meter. A 30 gauge needle was placed in to the adapter at the other end of the
tubing. The adapter including the needle was then secured to the X-scanner mechanism.
The fluid flow rate was set to 0.5 ml/hr. A 30 kV power source was connected to
the needle. A force opposite to that of the polymer surface tension is produced from the
repulsive charges. The Taylor cone shape within the fluid flow field just outside the
needle is produced by this force as the electric field intensifies. Scanning was used to
insure uniform distribution of the fibers along the width (L) of the collector drum. The
scanning mechanism was set to 10 in/min at a needle distance of 8 in. from the substrate.
The whirling instability during third phase bending of the Nylon 66 solution jet
allows thorough evaporation of the solvent without premature drying for nanofibers to
form. A Teflon substrate was added to collect the fibers on top of the aluminum to
alleviate damage during removal. The drum speed was set to 250 rpm. This speed was
chosen to maximize the random behavior of the fibers. It was found that the fibers
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started to show alignment at speeds of 500 rpm or higher.

Electrospinning was

completed after two (2) hours. The resulting fiber morphology was captured by scanning
electron microscopy (SEM) at 40,000x magnification. Imaging of the nanofibers is
shown in Figure 2.3.

Figure 2.3. Nylon 66 nanofiber morphology at 40,000x

2.2.2

Characteristics of Electrospun Nylon 66 Nanofiber
The electrospun Nylon 66 nanofibers had fiber diameters ranging 2.9 in to 3.9

in (75 nm to 200 nm) and tensile strength of 1.3 ksi (9.0 MPa) (Frenot, and Chronakis,
2003, Lingaiah, Shivakumar, and Sadler, 2011). Areal density is a commonly used
material measurement which is a ratio of the weight per unit area of the material. The
average areal density measured 0.00155 lbs/yd2 (0.95 g/m2) with an equivalent thickness
of 32.3 in (0.82 m) for the nanofiber sheets. The areal density distribution along the
width of the drum versus the normalized needle scan position (x/L) is shown in Figure
2.4.
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Figure 2.4. Areal density distribution of Nylon-66 nanofiber

The electrospinning apparatus is capable of producing nanofiber mats that are 14
in. long and 12 in. wide. These nanofiber mats or sheets were quickly and carefully
removed from the apparatus then weight and measured. During these measurements,
shrinkage occurred around the perimeter of every sheet.

Due to this characteristic

material shrinkage around the perimeter, a proper estimation of the exploitable portion of
the sheet was considered. This estimate yielded a 10 in. x 12 in. area in the center of the
sheet. Areal density distribution for three nanofiber sheets is listed in Table 2.1. The
average areal density ranged was 0.0015 – 0.0016 lbs/yd2 (0.91 - 0.97 g/m2) with a
standard deviation of about 0.1.
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Table 2.1. Nylon 66 Nanofiber Areal Density Distribution
Location (x/L)
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

Sample A
0.9533
0.9472
0.9782
0.9937
0.7844
1.0075
1.0463
0.9903
0.8663
0.7268

Areal Density, g/m2
Sample B
1.1625
0.8757
0.8138
1.0230
1.0075
0.7750
0.7750
0.8293
0.8525
0.9687

Mean
Std Dev

0.929
0.10

0.908
0.13

2.3

Sample C
1.0385
1.0928
0.9300
0.8913
0.9300
0.8060
1.0153
1.0385
1.0463
0.8990
0.969
0.09

Fabrication of (0n/90n)s AS4/3501-6 Composite Panels
Composite laminate panels were produced by the hand-layup method.

Pre-

impregnated carbon fiber material was used (prepreg) along with polymer nanofiber for
interleaving of the reinforced panels.

Autoclave processing was used to cure the

composites.
2.3.1

Layup and Bagging
Aerospace grade Magnamite brand AS4/3501-6 carbon fiber/epoxy prepreg from

Hexcel Composites was used as the base material. Areal density of and fiber volume
percentage for this material were reported by the manufacturer as 260 g/m2 and 62% ± 3,
respectively. The AS4/3501-6 carbon/epoxy prepreg was supplied in the form of six-inch
wide tape roll. This would permit the manufacture of composite panels with a maximum
width of six inches.
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The laminate panel was sized to 25 in. long by 6 in wide. This arrangement
required one and a half sheets of polymer nanofiber per layer of reinforcement. For each
nanofiber layer, one sheet was razor cut into two 10 in. x 6 in. sheets. A second sheet
was razor cut into four 5 in. x 6 in. sheets as shown in Figure 2.5 (a). The interleaving
reinforcement layer design is shown in Figure 2.5 (b). Each laminate contained 0.4%
Nylon 66 polymer nanofiber by weight.

(a)

(b)
Figure 2.5. Cutting and butting of nanofiber sheet geometry to match prepreg
(a) Cutting of Nylon 66 nanofiber interleave sheets, (b) Polymer
nanofiber interleave layer design
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The carbon/epoxy prepreg was vacuum sealed to a minimum pressure of 25 tor
and “debulked” to remove any possible air pockets prior to inclusion in the layup. Air
pockets in the material could lead to voids which could cause premature cracks and stress
risers. The debulking process also stiffened the prepreg sheets which made handling and
measurement easier. This study required 25 in. x 6 in. panels. The width of the panel
was determined by the width of the carbon/epoxy prepreg tape. Schematics of the hand
layup used for the thin (02/902)s base and interleaved panels are shown in Figure 2.6. A
picture of the process of adding the Nylon 66 nanofiber sheet to the prepreg and peeling
off the Teflon backing is shown in Figure 2.7. Careful attention was given to the
alignment and butting of each of piece of the 90⁰ layers to insure the in-plane
performance of the material during testing.

Figure 2.6. Schematic of the base (a) and interleaved (b) laminate layup
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Figure 2.7. Layup of Nylon 66 nanofiber on prepreg and removal of Teflon
substrate

The laminate panel bagging mold was constructed using a common procedure for
producing aerospace grade carbon/epoxy composites (Tomblin and Seneviratne, 2002,
Tomblin, Sherraden, and Seneviratne, 2009). This layup was processed without a rubber
dam in anticipation of a minimal loss of resin due to resin bleed. Bleeder yarns made of
7781 E-Glass and placed transverse to both of the six (6) inch edges of the preform.
Enough length was allowed so that the yarn extended outside of the top release film then
the yarn was folded over and secured on the outside of the stainless steel cowl plate.
Release film was used to alleviate the need for resin release chemical solution. A 10
oz/yd polyester breather material with a 400 ⁰F temperature rating was used as a thermal
barrier. Airtek SL-700 bagging film covered the assembly which was secured with
Mastic sealant. A schematic of the mold layup is shown in Figure 2.8 and the final
bagging is shown in Figure 2.9.

27

.
Figure 2.8. Schematic of edge bleed layup, no rubber dam

Figure 2.9. Bagging and perform for autoclave processing of AS4/3501-6 panel

2.3.2

Autoclave Molding
Autoclave processing produces high quality laminates with two usable sides. This

process was used to cure the reinforced resin according to the manufacturer’s
specifications for AS4/3501-6 prepreg. The autoclave is essentially a pressure vessel
with programmable logic controls to regulate temperature, pressure, and concentration of
gases (replacement of air with nitrogen) during curing. This process is high pressure and
provides the highest quality parts over those produced by various resin transfer methods.
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The manufacturer’s specified autoclave cure duration was 6 hours. Figure 2.10 shows the
time-temperature-pressure profile used for curing of the AS4/3401-6 panels in this study.

Figure 2.10. Autoclave cure cycle for AS4/3501-6 prepreg

2.4.

Preparation of Test Specimens
The 25 in x 6 in. panels were carefully cut into test specimens. Static tension and

tension and tension-tension fatigue test specimens were prepared from the same panel.
Dimensioning was specified according to the appropriate test standard. Specifics of the
test specimen preparation such as cutting, tabbing and surface preparation are described
in this section.
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2.4.1. Cutting and Tabbing
The panel was carefully cut to minimize waste. A schematic of the cutting plan is
shown in Figure 2.11. Trim was allowed for the 1/16 inch material loss with each cut.
Painter’s tape was applied as a backing to prevent splintering along the edges.
Dimensioning for the coupons was prescribed according to ASTM D3039 Standard [38]
for tensile, cross-ply, symmetric, laminates. Test coupons were cut using an MK 101 Pro
Series tile saw.

Figure 2.11. Test coupon cutting plan

Manufacturing quality of the panels was checked by visual inspection for
warpage, thickness measurements for resin bleed, and coin tap test for defects. G-10
fiberglass gripping tabs were cut to the specimen width and secured using Hysol EA9695
epoxy bonding film to insure adhesion during any type of testing. Tape was applied over
the tabs to maintain positioning and ensure secure bonding during cure. The coupons
were wrapped in 10 oz polyester breather, placed inside bagging, and vacuum sealed.
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The epoxy film was cured for 2.5 hours at 250 ⁰F in a Blue M Electric vacuum oven. A
schematic of the test coupon is shown in Figure 2.12.

Figure 2.12. ASTM 3039 Standard cross-ply laminate tensile test coupon

The geometric parameters of the base laminate coupons are listed in Table 2.2.
The prepreg manufacturer designated a 0.005 in. thickness per ply. Average thickness of
the base laminate was calculated as 0.042 in with standard deviation of less than 1%. As
shown in the table, the geometry of the specimens was in agreement with the
manufacturer’s specifications.

Table 2.2. Geometry and Tensile Strength for (02/902)s Base Test Coupons
Laminate

Base

Specimen ID

Thickness (in)

B1-1
B1-2
B1-3
B1-4
B1-5
B1-6
B1-7
B1-8
B1-9
B1-10
B1-11
B1-12

0.0420
0.0422
0.0424
0.0428
0.0432
0.0428
0.0425
0.0427
0.0425
0.0427
0.0428
0.0427
31

Width

(in)

0.7307
0.7320
0.7300
0.7312
0.7270
0.7260
0.7295
0.7310
0.7270
0.7288
0.7267
0.7283

Area

(in2)

0.0319
0.0325
0.0326
0.0313
0.0314
0.0311
0.0310
0.0312
0.0309
0.0311
0.0311
0.0311

Table 2.2. Geometry and Tensile Strength for (02/902)s Base Test Coupons
(Continued)
Laminate

Base

Specimen ID

Thickness (in)

B2-1
B2-2
B2-3
B2-4
B2-5
B2-6
Average
% CV

0.0420
0.0422
0.0430
0.0428
0.0428
0.0428
0.0423
0.41

Width

(in)

0.7297
0.7327
0.7300
0.7295
0.7303
0.7292
0.731
0.18

Area

(in2)

0.0325
0.0324
0.0314
0.0312
0.0313
0.0311
0.032
1.00

The geometric parameters for the interleaved laminate base coupons with
(02/902)s stacking are listed in Table 2.3. Average thickness measured about 0.043 in.
with a standard deviation of less than 1%. Polymer nanofiber interleaving contributed
about 2% thickness change.

Table 2.3. Geometry and Tensile Strength for (02/902)s Interleaved Test Coupons
Laminate

Interleaved

Specimen ID

Thickness (in)

I1-1
I1-2
I1-3
I1-4
I1-5
I1-6
I1-7
I1-8
I1-9
I1-10
I1-11
I1-12

0.0432
0.0430
0.0430
0.0432
0.0437
0.0435
0.0435
0.0435
0.0433
0.0433
0.0435
0.0437
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Width

(in)

0.7317
0.7277
0.7167
0.7268
0.7288
0.7257
0.7263
0.7252
0.7280
0.7278
0.7246
0.7255

Area

(in2)

0.0327
0.0328
0.0308
0.0314
0.0318
0.0316
0.0316
0.0315
0.0315
0.0315
0.0315
0.0317

Table 2.3. Geometry and Tensile Strength for (02/902)s Interleaved Test Coupons
(Continued)
Laminate

Interleaved

Width

(in)

Area

(in2)

Specimen ID

Thickness (in)

I2-1
I2-2
I2-3
I2-4
I2-5
I2-6

0.0436
0.0430
0.0435
0.0437
0.0437
0.0435

0.7274
0.7278
0.7288
0.7269
0.7272
0.7263

0.0322
0.0324
0.0317
0.0317
0.0318
0.0316

Average
% CV

0.0433
0.88

0.729
0.28

0.033
1.00

The polished edge of a (02/902)s test coupon is shown in Figure 2.13. As shown,
the 0⁰ plies are bright and the 90⁰ plies are dark. This 0.042 in. edge was very difficult to
capture photographically.

Also, given the darkness of the 90⁰ layers, crack and

delamination onset detection will be difficult. These observations clarified the need for
contrast on the edge surface to see cracks. Therefore, several edge coating solutions were
explored.

Figure 2.13. As polished edge of (02/902)s composite test coupon
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2.4.2. Edge Coating for Crack and Delamination Detection
Edge coating was necessary to increase visibility of the cracks along the laminate
edge during coating. Critical properties for proper edge coating include adhesion to the
edge surface of the test coupon, reflectivity, brittleness, and translucency. Reflectivity
provides for visual observation under high magnification photography and videography.
Brittleness offers ease of cracking with the specimen. Thinning of the coating provides
the necessary brittleness so that the fracture behavior of the coating that accurately
mimics that of the specimen. Premature cracking of the coating due to high brittleness or
high ductility could lead to a false estimation of the crack density, which will be
discussed further in Chapter 3. Translucency gives the ability to distinctly observe the insitu cracking and onset of delamination of the specimen at the (0/90) interfaces.
The use of several commercially available products was attempted for edge
coating of the AS4/3501-6 test coupons.

These included pre-pigmented petroleum

naphtha solution (print correction fluid), nitrocellulose lacquer (nail polish), spray paint,
Stresscoat Brittle Coat, and Stresscoat® Plastic Coat. Thinning was attempted with
acetone, isopropanol, ethanol, and methanol. Application technique trials included cotton
swabs, sponge brushes, traditional paint brushes, and spraying. The coating was applied
by a single stroke over the coupon edge surface using a swab and dried overnight. Any
additional strokes proved to remove the coating for all materials. Tensile loading trials
were conducted to observe the coating behavior. Table 2.4 shows the various trials and
their outcome.
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Overall, the nitrocellulose lacquer solution (nail polish) yielded the best results for
optical viewing but did not prove successful in mechanical testing as its properties
degraded over time. The correction fluid required a substantial amount of solvent to
achieve the desired consistency however; the mixture was readily measureable and
repeatable.
Through the completed trials, a uniform mixture of 2 ml of correction fluid and 2
ml of isopropanol was found to be a suitable

edge coating for this study. Added

conveniences were that the same 4 ml vial of solution could be used for several
specimens without changes in properties with time. This provided another element of
consistency to the testing process.

Table 2.4. Edge Coating Trials
Chemical

Solvent

Test(s)

Observations

Correction
Fluid

Acetone

Optical
microscopy,
Mylar, Tensile

Does not permit inspection of laminate
interfaces, too brittle

Correction
Fluid

Isopropanol

Optical
microscopy,
Mylar, Tensile

Matrix cracking was clear, laminate interfaces
were not visible

Correction
Fluid

Ethanol

Optical
microscopy,
Tensile

Does not permit inspection of laminate
interfaces, too ductile

Correction
Fluid

Methanol

---

Solute did not dissolve in this solvent.

Epoxy spray

---

Mylar, Tensile

Few cracks could be detected during testing.

Epoxy spray

Acetone

Mylar, Tensile

Inadequate brittle behavior,
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Table 2.4: Edge Coating Trials (Continued)
Chemical

Solvent

Test(s)

Glass paint

---

Mylar

Inadequate brittle behavior

Glass paint

Acetone

Mylar

Inadequate brittle behavior

Stresscoat®
Plastic Coat

---

Optical
microscopy,
Tensile

Coating has large particles that distort optical
view Coating did not adhere well to edge
surface

---

Optical
microscopy,
Tensile

Coating has large particles that distort optical
view
Coating did not adhere well to edge surface

Acetone

Tensile (static,
fatigue)

Stresscoat®
Plastic Coat
with
Stresscoat®
Brittle Coat
Nitrocellulose
Lacquer

Observations

Properties degrade over time

Although the selected coating did not provide the desired translucency where the
layers could be viewed, the diluted correction fluid worked best. Cracks were suitably
visible and delamination could be detected. A photo the coated test coupons set out for
drying is shown in Figure 2.14.

Figure 2.14. Edge coated test coupons during drying
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2.4.3

Thick Laminates (06/906)s
The cross-ply stacking sequence of thin laminates permits little opportunity for

observation of the delamination onset due to interlaminar edge stresses concentrated at
the free edge equivalent to the laminate thickness (Wang, 1985). Therefore, the amount
of loading between delamination onset and final failure is small. Thick laminates are
expected to have an increased edge stress region and a larger amount of loading between
delamination onset and final failure.
Figure 2.15 shows the interlaminar normal stress distribution along the width of
the (0n/90n)s laminates for n = 1, 4, 6, and 10 (Ghantae and Shivakumar, 2011). Results
show that the edge distance increases with n and edge distance is largest for n = 6 and n =
10. This analysis was used in deciding on the stacking for thick laminates.

Figure 2.15. Ply grouping analysis (Ghantae and Shivakumar, 2011)
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The results in Figure 2.15 relate to the edge stress response for different values of
n from 1 to 10. Therefore, n = 6 plies per group was selected for this study. Laminate
panels with (06/906)s layup, both base and interleaved, were manufactured according to
the process described for the (02/902)s laminates. Geometry for those coupons is listed in
Tables 2.5 and 2.56.
Geometry for the base (06/906)s laminate is listed in Table 2.5. The base (06/906)s
laminate coupons had an average thickness of 0.115 with a standard deviation of about
0.1. The thickness measured about three times larger than that of the (02/902)s base
coupons as it should to insure consistency of the fabrication and manufacturing methods
used.

Table 2.5. Geometry of (06/906)s Base Test Coupons
Thickness
Laminate
Specimen ID
Width
(in)

Base

BD1-1
BD1-2
BD1-3
BD1-4
BD1-5
BD1-6
BD1-7
BD1-8
BD1-9
BD1-10
BD1-11
BD1-12

0.1147
0.1153
0.1157
0.1170
0.1133
0.1157
0.1143
0.1163
0.1163
0.1147
0.1140
0.1147
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(in)

0.7440
0.7543
0.7353
0.7463
0.7320
0.7450
0.7463
0.7513
0.7483
0.7530
0.7473
0.7470

Area

(in2)

0.0853
0.0870
0.0851
0.0873
0.0830
0.0862
0.0853
0.0874
0.0871
0.0863
0.0852
0.0857

Table 2.5. Geometry of (06/906)s Base Test Coupons (Continued)
Laminate

Base

Specimen ID

Thickness
(in)

BD2-1
BD2-2
BD2-3
BD2-4
BD2-5
BD2-6

0.1155
0.1143
0.1157
0.1160
0.1157
0.1157

0.7207
0.7237
0.7232
0.7247
0.7238
0.7227

0.0847
0.0827
0.0836
0.0841
0.0836
0.0835

Average
STD
% CV

0.115
0.001
0.81

0.738
0.012
1.66

0.085
0.002
2.00

Width

(in)

Area

(in2)

Geometry for the interleaved (06/906)s laminate is shown in Table 2.6. The
thickness measured 0.116 in. which was about 1% more than the base laminate. This was
an indication of the negligible thickness change caused by the polymer nanofiber
interleaving. Resin bleed was more notable after cure for the (06/906)s laminates which is
assumed to be the reason for a thickness difference of only 1% while the thickness
difference for the (02/902)s was 2%. All other parameters of the process were the same.

Table 2.6. Geometry of (06/906)s Interleaved Test Coupons
Thickness
Laminate
Specimen ID
Width
(in)

Interleaved

ID1-1
ID1-2
ID1-3
ID1-4
ID1-5
ID1-6
ID1-7

0.1158
0.1162
0.1160
0.1163
0.1160
0.1167
0.1170
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(in)

0.7400
0.7500
0.7533
0.7487
0.7500
0.7463
0.7400

Area

(in2)

0.0857
0.0872
0.0874
0.0871
0.0870
0.0871
0.0866

Table 2.6. Geometry of (06/906)s Interleaved Test Coupons (Continued)
Thickness
Laminate
Specimen ID
Width (in)
Area (in2)
(in)
ID1-8
0.1170
0.7540
0.0882
ID1-9
0.1170
0.7477
0.0875
ID1-10
0.1167
0.7540
0.0880
ID1-11
0.1171
0.7490
0.0877
ID1-12
0.1163
0.7543
0.0878
ID2-1
0.1159
0.7253
0.0840
Interleaved
ID2-2
0.1162
0.7260
0.0843
ID2-3
0.1159
0.7267
0.0842
ID2-4
0.1160
0.7247
0.0841
ID2-5
0.1163
0.7243
0.0842
ID2-6
0.1163
0.7233
0.0841
Average
STD
% CV

2.5.

0.116
0.000
0.38

0.741
0.012
1.66

0.086
0.002
2.00

Summary
Polymer nanofiber interleaved carbon/epoxy laminates were produced. Nylon 66

was chosen for electrospinning of polymer nanofibers. Electrospun Nylon 66 nanofiber
was used for interleaving of cross-ply laminates at the (0/90) interface. AS4/3501-6
carbon/epoxy prepreg was used as the base material.
Eight (8) ply thin laminates with (02/092)s stacking and 24-ply thick laminates
with (06/906)s stacking were fabricated by autoclave molding. Thick laminate stacking
was chosen for study of the effect of polymer nanofiber interleaving on high interlaminar
stresses due to increased edge stress region. The geometry of the test coupons measured
within the manufacture’s specifications for the AS4/3501-6 carbon/epoxy prepreg.
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Tension test coupons were designated according to ASTM D3039. A coating was applied
to the laminate edge to enhance crack and delamination on-set detection.
The thickness of the base and interleaved laminates was compared.

The

interleaved laminates with (02/092)s stacking had an increase in thickness of about 2%
over the base. Thick base and interleaved laminates with (06/906)s stacking had a 1%
difference in thickness. This difference in thickness change is assumed to be due to an
observed increase in resin bleed of the thick laminates during processing.
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CHAPTER 3
STATIC TENSILE TESTS

Tensile tests were performed to determine the matrix crack threshold stress,
saturation crack spacing, and delamination onset strength of AS4/3501-6 cross-ply
carbon/epoxy laminates with and without Nylon 66 nanofiber interleaving.

These

included a preliminary set of tests to calibrate the process, thin laminates with (02/902)s
stacking, and thick laminates with (06/906)s stacking. Precise edge coating, equipment
setup and positioning of lighting were required to accurately measure the delamination
onset. Although humidity and temperature fluctuations must be considered in the true
aerospace material environment, those factors were not considered as a part of this study.

3.1

Test Equipment, Setup, and Procedure
In-plane tension tests were performed according to ASTM Standard Test Method

D 3039 (Standard Tensile Test Method for Fiber Reinforced Composites, 1999) for
balanced, symmetric cross-ply stacking. Edge delamination tensile tests were performed
using a 10 kip range on an MTS tensile tester with a 50 kip load cell capacity. Loading
rate, displacement, and in-situ load level were controlled using a digital display
controller, also by MTS. An MTS extensometer with one inch gage length was used to
measure the change in length of the specimens as they were loaded. To insure
consistency and accuracy, double sided adhesive film was used to secure the
extensometer to the coupon surface and alleviate slippage.
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A System 5000 scanner by Vishay Instruments Group was connected to the
measurement system. Channels 18, 19, and 20 were set to record the load level (lbs),
displacement (in), and strain (in/in) respectively. Strainsmart 5000 software was
utilized for acquisition of the data. Data acquisition was five (5) points per second.
High speed photography was employed using a Photron SA4 FASTCAM with
500,000 frames per second (fps) capacity to observe and document the in-situ matrix
cracking phenomena leading to edge delamination. The camera lens was focused at a
height of about 60 inches and a distance of about 10 inches from the edge surface of the
laminate as shown in Figure 3.1. For maximum resolution, the shutter speed was set to
30,000 fps and a 0.5 inch section of the laminate edge was captured in the view field.
Light at an angle of about 30⁰ provided optimal visibility of the 0.0425 inch laminate
edge.

Figure 3.1. Tension test setup
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The test was under constant observation. Notations were taken for the load level
that each crack occurred for each specimen. Audible laminate damage load levels were
also recorded for informational purposes only.

These notations were later used to

quantify the delamination behavior of each specimen.
A schematic of the matrix cracking and delamination onset edge view after
loading is shown in Figure 3.2. It has been predicted in literature that cross-ply laminates
will first experience matrix cracking in the 90⁰ layers due to the low strength of the
matrix material (Kim and Mai, 1998). As the cracks multiply, the stress singularity at the
crack tip at the (0/90) interface leads to delamination in “H”, “Z”, or “T” formations
(Wang, 1985) as shown in Figure 3.3.

Figure 3.2. Schematic of the specimen edge during loading
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Figure 3.3. Schematic of the crack initiation, multiplication, and
delamination onset hypothesis

3.2

Preliminary Assessment of Matrix Cracking and Delamination Onset
In order to insure that the fracture behavior of the manufactured test coupons

adequately support the hypothesis of the crack behavior, a coupon without coating was
stressed then removed from testing and the matrix cracking behavior was observed under
microscope. A sample of the observed microscopy is shown in Figure 3.4. As predicted,
matrix cracking nucleated in the 90-degree plies and propagated through the matrix and
around the fibers until it reached the 0/90 interface. In theory, at this interface the crack
will temporarily arrest. The stress singularity at the crack tip will eventually reach a
critical point and cause an abrupt energy release (O’Brien, 1985, McCartney and
Blazquez, 2009). This energy release manifests as delamination and separation of the
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plies at the (0/90) interface. In [0/90] laminates, this limiting stress is almost the same as
the ultimate strength of the laminate and thus, results is catastrophic failure.

Figure 3.4. Edge microscopy of (02/902)s laminate edge at 20x
(a) Pristine (b) After stress of 72 ksi

3.3

Edge Delamination Results for (02/902)s Thin Laminates
Due to the sporadic nature of edge delamination test, constant observation was

necessary. Parameters that were observed and recorded included load levels for: first
crack, crack saturation, delamination onset and final failure. The final failure load was
recorded to compare material strength of base and interleaved coupons. After enough
data was collected to establish the average strength of the base and interleaved laminates,
it was no longer necessary to run the remaining tests to final failure.
3.3.1

Load vs. Displacement Response
Drop in load level is an indicator of new cracks or damage. With each new crack

the energy release causes a temporary decrease in the load carrying capacity of the
composite. Therefore, the displacement vs. load was recorded and compared to the
46

respective photographs of crack multiplication. Each load drop was found to correspond
to a load level when a new crack formed. The longitudinal displacement vs. load for the
base and the interleaved laminates are plotted in Figure 3.5 and Figure 3.6.
It can be observed from the plot in Figure 3.5 that there were more load drops
experienced by the base laminate.

With each load drop, the base laminate also

experienced an “echo”, or secondary load drop that follows. Initial load drop for the base
laminate occurred at a stress level of 75 ksi which corresponds to the load level of
cracking in Figure 3.5 of several different base laminate coupons. The displacement at
this stress level was 0.150 in.

Figure 3.5. Load vs. displacement response for (02/902)s base laminates
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The interleaved laminate experienced less load drops than the base laminate as
can be observed in Figure 3.6. Also, there was no echo in load drop before failure. This
could be an indicator of the stress dissipation capability of the interleaving after the crack
threshold stress has been overcome. The initial load drop occurred in the interleaved
laminate at 84 ksi and displacement of 0.172 in, an increase of about 11% stress and 13%
elongation.

Figure 3.6. Load vs. displacement response for (02/902)s interleaved laminates

Average longitudinal tensile strength for the base and polymer nanofiber
interleaved carbon/epoxy specimens were 147 ksi and 158 ksi, respectively. The percent
coefficient of variance in all measurements was less than 2%. The values for tensile
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strength, standard deviations (STD), and percent coefficient of variance (%CV) for base
and interleaved specimens is listed in Table 3.1.
Tensile strength increased with interleaving. Potential reasons for this increase
are alleviation of thermal mismatch stresses during processing and addition of ductility at
the (0/90) interface to absorb interlaminar stresses. These factors may have contributed
to higher tensile strength with interleaving.

Table 3.1. Tensile Strength of (02/902)s AS4/3501-6 Carbon/Epoxy Laminates
Laminate

Specimen ID

Tensile Strength, So (ksi)

Base

B1-2
B2-1
B2-2

146
151
145

Interleaved

Average
STD
% CV
I1-1
I2-1
I2-2

147
3
2
159
156
157

Average
STD
% CV

158
2
1

3.3.2. Crack Saturation, Crack Density and Delamination Onset for Thin (02/902)s
Laminates
Initiation of matrix cracking in the 90⁰ layer of the base laminate occurred at
slightly lower stress levels than that of the interleaved laminate. This was recorded as the
crack threshold stress, th. Increases in the number of cracks appeared to occur at the
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same rate for both laminates. However, the crack density before failure was slightly
higher for the interleaved laminates.
Intricate crack counts were necessary to capture the crack density measurements
from the photographs. The crack count was taken at crack saturation by inspecting
photographs of the half-inch gauge length under observation and performing manual
image analysis on the locations where cracks formed. The number of cracks determined
the density of matrix cracking along the gauge length. Higher density of matrix cracking
prior to delamination onset is an indicator of the interlaminar interface toughness of the
laminate. Although the crack density was only slightly higher (5%) for the interleaved
laminates, this result was consistent throughout the study. Crack counts were performed
in-situ and confirmed after testing. Crack count examples are shown in Figure 3.7.
The crack spacing was measured from the crack count images by recording the
relative proximity of each crack. Inspections of crack proximity were also performed
using Image J software to confirm crack locations. The edge coating helped to create
proper contrast to clearly distinguish the crack locations. Comparison of the base and
interleaved laminate crack spacing can be observed by the crack count photos in Figure
3.7. Scaling for the image for crack spacing measurements was based on 1/16 inch. For
this sample, the base laminate had 20 cracks and the interleaved laminate had 22 cracks.
As stated earlier, this small increase in crack density for the interleaved laminates
continued throughout testing.
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Figure 3.7. Crack counts for base and interleaved laminates at crack saturation
(a) Base laminate crack count (B1-2) (b) Interleaved laminate crack
count (I1-1)

Crack spacing is an indicator of crack density for a finite length along the
laminate edge. Table 3.2 lists the crack counts at increasing stress levels for three of the
base specimens. The crack spacing was measured both manually from the photographs
and calculated as a factor of the crack density. For instance, if the crack count was 20
cracks/0.5 in., the crack density is estimated as 40 cracks/in. This makes the crack
spacing 0.025 in. for this example. As can be observed from the data in Table3.2, the
manual crack spacing measurements were in agreement with the calculated values. Note
the values at the end of each cycle as a highlight for comparison with the interleaved
specimens.
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Table 3.2. Base Laminate Crack Counts, Crack Density, and Crack Spacing
Observations for Thin (02/902)s Specimens
Average Crack Spacing,
(in)
Measured
Calculated
Crack
Crack
Crack
Crack

Spacing
Specimen
Count
Density
Spacing
ID
(ksi)
(per 1/2 in)
(per in)
(in)
(in)
71
5
10
0.0826
0.1000
B1-1
79
14
28
0.0349
0.0357
96
17
34
0.0283
0.0294
111
18
36
0.0244
0.0278
46
4
8
0.1180
0.1250
B1-3
74
13
26
0.0319
0.0385
96
17
34
0.0274
0.0294
127
19
38
0.0233
0.0263
47
7
14
0.0692
0.0714
B2-2
52
9
18
0.0490
0.0556
75
16
32
0.0290
0.0313
78
0
36
0.0269
0.0278
95
20
40
0.0240
0.0250
113
20
40
0.0240
0.0250
127
21
42
0.0233
0.0238
139
21
42
0.0233
0.0238

Table 3.3 lists the crack counts at increasing stress levels for three of the
interleaved specimens.

The manual crack spacing measurements were again in

agreement with the calculated values. It was observed that interleaved laminate had
lower crack density with more crack spacing than the base laminate. However, at the end
of loading, the interleaved laminate had higher crack density than the base with less crack
spacing. Higher stress levels were also achieved by the interleaved laminate. This
relationship is shown in more detail in the figures that follow.
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Table 3.3. Interleaved Laminate Crack Counts, Crack Density, and Crack Spacing
Observations for Thin (02/902)s Specimens
Average Crack Spacing,
(in)
Measured
Calculated
Crack
Crack
Crack
Crack

Spacing
Specimen
Count
Density
Spacing
ID
(ksi)
(per 1/2 in)
(per in)
(in)
(in)
48
3
6
0.1327
0.1667
I1-2
55
8
16
0.0576
0.0625
75
12
24
0.0394
0.0417
88
16
32
0.0293
0.0313
117
18
36
0.0246
0.0278
127
21
42
0.0219
0.0238
130
22
46
0.0204
0.0217
48
3
6
0.1301
0.1667
I2-1
55
9
18
0.0453
0.0556
74
12
24
0.0408
0.0417
101
19
38
0.0255
0.0263
140
22
44
0.0216
0.0227
41
2
4
0.1827
0.2500
48
5
10
0.0914
0.1000
68
12
24
0.0389
0.0417
I2-2
74
14
28
0.0322
0.0357
115
17
34
0.0261
0.0294
130
20
40
0.0230
0.0250
157
21
42
0.0219
0.0238

Figures 3.8 and 3.9 show plots comparing the crack spacing of base and
interleaved laminates. The base laminate crack spacing is shown in Figure 3.8. In this
figure, it is shown that the base laminates had a minimum crack spacing of about 0.025
in. at the maximum stress level of 147 ksi. The threshold stress where the crack spacing
begins to decrease can also be estimated from this plot. However, the crack threshold
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stress and its significance in this study is discussed in later sections. Measurements of the
crack spacing among the base specimens were very close in agreement especially at the
end of loading.

Figure 3.8. Crack spacing trend for (02/902)s base laminate

Interleaved laminate crack spacing is shown in Figure 3.9. From the plot, the
crack spacing appears to be about the same as that of the base specimens. As stated
previously, the difference in cracking between the base and interleaved laminates is
consistent but small. However, the crack spacing starts to decrease at a higher stress
level for the interleaved laminates than for the base laminates. This is an indication that
cracking occurs more slowly for the interleaved laminate than for the base laminate. The
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interleaved laminate crack spacing data also showed a decrease in scatter toward the end
of the test, the same as the base laminate specimens.

Figure 3.9. Crack spacing trend for (02/902)s interleaved laminate

What is not apparent in Figure 3.8 and Figure 3.9 is the slight shift in stress level
of the onset of cracks and the crack spacing value of the curves at end of the plot. This
shift is an indication that the base laminates began to crack at a lower stress level that the
interleaved laminates. Higher crack threshold stress can be an indication of higher
interlaminar toughness.
The crack spacing for the base laminates did not drop as low as the crack spacing
for the interleaved laminates. As shown in Figure 3.10, there was a shift in position of
the curves at about 110 ksi. This is an indication that the crack spacing was smaller and
the crack density was higher for the interleaved laminate. Higher crack density, or the
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ability to withstand more cracks prior to delamination onset can be an indication of
higher interlaminar toughness for the interleaved laminates.

Figure 3.10. Crack spacing comparison for (02/902)s laminates

A closer inspection of the crack density for the base laminates is shown in Figure
3.11.

This figure shows the crack threshold stress, crack saturation stress, and an

estimation of the delamination onset stress. The average crack threshold stress for the
base laminate was 38 ksi. The crack saturation at failure is directly proportional to the
crack density at failure. For the base laminates, the average crack density at saturation
was 41 cracks/in. The average failure stress was 147 ksi. This plot also suggests a
delamination region within one standard deviation of the average failure stress.
According to this plot, there are predictable stress levels in which the delamination was

56

expected to occur. Derivation of this region permitted an estimation of the delamination
on-set stress (d).

Figure 3.11. Crack threshold, crack density, and crack saturation for (02/902)s base
laminates

An identical analysis was conducted for the interleaved laminates with (02/902)s
stacking showing the crack threshold stress, crack density, and an estimation of the
delamination onset stress which is plotted in Figure 3.12. There were slight yet notable
improvements in the performance of the interleaved laminates. Specifically, the crack
threshold stress for the interleaved laminate was 45 ksi, crack saturation occurred at 43
cracks/inch and the delamination onset stress was 157 ksi. The delamination onset
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occurred very close to failure. The resulting value of the intensity of the delamination
onset stress was also close to the value of the average failure stress.

Figure 3.12. Crack threshold, crack density, and crack saturation for (02/902)s
interleaved laminates

A comparison of the performance of the base laminate and the interleaved
laminate is shown in Figure 3.13. As shown in the crack profile, the base laminate
experience the crack threshold at a slightly lower stress level than the interleaved
laminates. There appeared to be a critical stress point at about 85 ksi where the base and
interleaved crack profiles intersected. This was the point which the interleaved laminate
performance continued and the base laminate performance diminished.
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Figure 3.13. Crack profile comparison

The capture of delamination onset prior to failure was a very tedious process.
From videography of crack saturation through failure, it was recorded that delamination
occurs within 1/30,000 second after crack saturation but before failure.

However,

evidence of energy release at the crack tips was captured well ahead of crack saturation.
This leads to some prediction as to where along the (0/90) interfaces the delamination
will occur. In many cases, the coating continued to lift from the surface of the laminate
at the crack tip without crack extension before revealing delamination. Figure 3.14
shows base and interleaved specimens with evidence of edge delamination onset
highlighted with circles. Full delamination was captured at the left side (0/90) interface
for the base laminate prior to final failure. Delamination of the base laminate occurred at
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153 ksi. The interleaved laminate was still approaching crack saturation at 156 ksi with
little quantifiable evidence of delamination on-set.

Figure 3.14. Base (a) and interleaved (b) laminate edges at crack saturation

3.4

Edge Delamination Results for (06/906)s Thick Laminates
Identical experiments were conducted on the base and interleaved laminates with

(06/906)s stacking. The load versus displacement response was recorded. Crack density
and crack spacing comparisons were also performed.
3.4.1

Load vs. Displacement Response
It has been reported in numerous research efforts that thick laminates experience

delamination onset at lower stress levels than thin ones. However, thick laminates were
considered in this study due to their large laminar edge stress region and high
interlaminar stresses. Increasing the thickness of the laminates also provided greater ease
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in the observation of crack behavior and greater opportunity to capture the delamination
onset pictographically before failure.

The laminates for this study had a stacking

sequence of (06/906)s. This provided an average observation thickness of 0.124 inches.
The eight-ply thin laminates with stacking sequence (02/902)s had an average thickness of
0.042 inches, about one-third of the thickness of the 24-ply laminates. A summary of the
geometry and strength data for the (06/906)s base and interleaved laminates is listed in
Table 3.4.

Table 3.4. Tensile Strength of (06/906)s AS4/3501-6 Carbon/Epoxy Laminates
Laminate
Specimen ID
Tensile Strength So, (ksi)

Base

BD1-1
BD1-2
BD1-3

146
147
145

Interleaved

Average
STD
% CV
ID1-1
ID1-2
ID1-3

146
1
1
158
162
161

Average
STD
% CV

160
2
1

Figures 3.15 and 3.16 show the load vs. displacement response for the thick
(06/906)s base and interleaved laminates. For the base thick laminate, Figure 3.15 shows
that there was one very significant load drop during the test at a displacement of about
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0.29 inches. Failure followed very soon after the load drop. There was only about 1,000
lbs (12 ksi) of additional loading.

12,100 lbs
(142 ksi)

Figure 3.15. Load vs. displacement response for (06/906)s base laminate

The load versus displacement response for the (06/906)s base laminate is shown in
Figure 3.16. The interleaved thick laminate experienced a load drop at a lower load level
then the base (06/906)s laminate (6,400 lbs versus 12,100 lbs for the base laminate) . This
load drop was very small compared to that of the base laminate. Also, the interleaved
laminate was able to withstand several thousands of pounds of additional loading
following the drop indicating toughness. The corresponding displacement at this load
drop was about 0.40 inches.
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6,400 lbs
(75 ksi)

Figure 3.16. Load vs. displacement response for (06/906)s interleaved laminate

3.4.2.

Crack Saturation, Crack Density and Delamination Onset for Thick (06/906)s
Laminates
Figure 3.17 shows photographs of a sample of base laminate coupons with edge

delamination on-set before failure. Included in this photo are the respective crack counts
for each coupon. These base laminates were able to withstand an average of nine (9)
cracks per half inch at saturation. Consequently, the average crack density was 18
cracks/in., about half that of the thinner (02/902)s base laminates. The crack spacing for
these specimens was much larger than that of the thinner (02/902)s base laminates. The
circles at the edge are highlighting delamination on-set at the (0/90) interface for these
three coupons. Delamination onset was much easier to capture for these specimens. The
average delamination onset stress was 141 ksi.
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Figure 3.17. Crack count at delamination on-set for three (06/906)s base specimens
(a) at 145 ksi (b) at 131 ksi (c) at 148 ksi

In contrast, Figure 3.18 shows the crack count for interleaved laminates. There
was an average of 13 cracks in the view field prior to failure resulting in an average crack
density of 26 cracks/inch, slightly more than half that of the thinner (02/902)s interleaved
laminates Crack spacing was significantly larger for these specimens than the thinner
(02/902)s interleaved laminates, just as with the base laminates. As indicated by the
photographs, there was no delamination onset to report before failure for the interleaved
laminates. The delamination onset stress was very close to the ultimate failure stress.
Also, crack saturation occurred in the interleaved laminates at an average stress of 158
ksi, 11% higher than the base laminate.
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Figure 3.18. Crack count for three (06/906)s interleaved specimens
(a) at 155 (b) at 153 ksi (c) at 168 ksi

The crack spacing trends for the (06/906)s base and interleaved laminates are
shown in Figure 3.19 and Figure 3.20, respectively.

Figure 3.19 depicts the crack

spacing trend for the thick (06/906)s base laminate. The crack spacing began to decrease
at the corresponding crack threshold stress.

After the threshold, the crack spacing

decreased rapidly as the transverse cracks formed. As shown in the figure, the crack
spacing at saturation was about 0.05 inches. The thick base laminate tended to have
larger crack spacing than the thick interleaved laminate. The formation of cracks along
the edge of the base (06/906)s laminates appeared in a random fashion. There were no
indications of any pairing, grouping or patterns in the location of each crack as the matrix
cracking occurred.
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Figure 3.19. Crack spacing trend for base (06/906)s laminate

Crack spacing for the interleaved thick laminate is shown in Figure 3.20. The
thick interleaved laminate consistently had smaller crack spacing than the thick base
laminate indicating an ability to withstand higher crack density prior to failure. After the
crack threshold stress was overcome, the cracks appeared to present themselves in pairs
as they formed along the interleaved (06/906)s laminate edge. Each time a matrix crack
appeared, the next crack was close by if there was not already a pair. This pairing
behavior became a form of grouping as the matrix cracking approached saturation. A
review of Figure 3.18 shows the pairs and groups of cracks along the edge. The crack
spacing at saturation for the interleaved thick laminate was slightly less than 0.04 inches.
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Figure 3.20. Crack spacing trend for interleaved (06/906)s laminate

A comparison plot of the trends for both base and interleaved thick laminates is
shown in Figure 3.21. Careful observation shows the shift to the right of the base
(06/906)s laminate crack spacing trend in comparison to the interleaved (06/906)s crack
spacing trend. The crack spacing appeared to decrease more quickly for the interleaved
laminates than the base laminates. Although the crack spacing decreased more slowly for
the base laminates, the crack spacing was much higher at saturation than the interleaved
laminates. The minimum crack spacing for the base laminate was about 0.05 inches. The
minimum crack spacing for the interleaved laminates was about 0.04 inches.
Thick laminate crack spacing trends differ from the thin laminates in that the
interleaved thick laminate curve remains slightly below that of the base thick laminate
curve. The thin laminate trends crossed at a minimum value where the crack spacing
appeared to become equal. This shift in position did not occur here.
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Figure 3.21. Crack spacing trend for (06/906) laminates

The crack density was calculated for the thick (06/906)s laminates in the same
manner as for the thin (02/902)s laminate. Average maximum crack density for the thick
base laminates was 20 cracks/inches at saturation. Figure 3.21 shows the plot for crack
saturation, crack density, and delamination onset stress for the base thick laminate. The
crack threshold stress was 55 ksi and the average delamination onset stress was 146 ksi.
Higher crack threshold stress was achieved by the (06/906)s base laminates than the
(02/902)s base laminates. The average failure stress was nearly identical to that of the thin
laminates and was also close to the failure stress. However, the edge delamination of the
thick specimens at the (0/90) interface was easily captured prior to failure. This was not
the case with the thin laminates.
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Figure 3.22. Crack threshold, crack density, and crack saturation
for (06/906)s base laminates

Figure 3.22 shows the crack threshold, crack saturation, and crack density plot for
the interleaved (06/906)s laminate. Comparatively, the crack threshold stress was 62 ksi
and average delamination onset stress was 160 ksi. The crack threshold stress increased
by 12% over that of the base thick laminate and by 25% over that of the thin interleaved
laminate. The delamination onset stress increased by 10% over the base thick laminates,
about the same as with the thin laminate comparison. The average crack density of the
thick interleaved laminates was 26 cracks per inch, 23% more than the crack density for
the base thick laminate. However, this is a 40% decrease in crack density from that of
the thin interleaved laminate. The tensile test results are summarized in Table 3.5.
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Figure 3.23. Crack threshold, crack density, crack saturation
for (06/906)s interleaved laminates

Table 3.5. Static Results for (02/902)s and (06/906)s Base and Interleaved Laminates
Base
Interleaved
Threshold
Stress, ksi

Delamination
Onset Stress,
ksi

Threshold
Stress, ksi

Delamination
Onset Stress,
ksi

Thin (02/902)s

38

147

45

158

Thick (06/906)s

55

146

62

160

Composite

3.5

Summary
Base and interleaved laminates with both eight (8)-ply (02/902)s stacking and 24-

ply (06/906)s stacking were tested in tension. Measured laminate crack threshold stress,
crack density at saturation, and average failure stress were compared between base and
interleaved laminates. The interleaved laminates had an increased crack threshold stress
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of 15% over that of the base laminates. The crack density at saturation for the interleaved
laminate was 5% higher than the base laminate.

This was a small but consistent

improvement. The delamination onset stress was almost equal to the ultimate strength of
the laminate in both base and interleaved cases. Although the delamination onset stress
was not captured conclusively, the average failure stress of the interleaved laminates
increased by 10% over that of the base laminates.
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CHAPTER 4
TENSION-TENSION FATIGUE TESTS

Tension-tension fatigue tests were performed on thin (02/902)s and thick
[(06/906)s] base and interleaved laminates to capture the delamination onset life (N).
Three (3) different stress levels were applied under sinusoidal loading with the same
frequency and stress ratio. The procedure was repeated for thick (06/906)s base and
interleaved laminates. Thick and thin laminate data provides the effect of ply grouping.

4.1

Fatigue Test Parameters and Procedure
The tension-tension fatigue tests were conducted at a cyclic, sinusoidal loading

frequency of 5 Hz. The stress ratio was R = 0.1 for all tests as used in similar fatigue
studies (Petitpas, Renault and Valentin, 1989, Song and Otani, 1997). A typical tensiontension fatigue loading diagram is shown in Figure 4.1.

Figure 4.1. Tension-tension fatigue loading
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Tests were conducted for stress levels of Smax/So = 0.75, 0.85, and 0.95 where Smax
is the maximum stress level for the test and So is the ultimate tensile strength for the
laminate (ult) as calculated from the static tensile tests in Chapter 2. It was assumed that
these three stress levels would test the upper limits of the material and are not necessarily
representative of service loading.
Three of each type of specimen with both thin and thick stacking, a total of 36
specimens, were tested at each stress level. Table 4.1 lists the test matrix for the (02/902)s
base and interleaved laminates. The stress values at each level are set with respect to the
strength of each of the laminates. For example, the stress levels for the base laminate
were based on the base laminate strength and the stress levels for the interleaved laminate
were based on the interleaved laminate strength. Ultimate strength (So) values for each
case are also listed in Table 4.1. The ultimate strength values were averaged among the
results of three (3) tensile tests as presented in Chapter 3.

Table 4.1. Test Matrix for Fatigue Test of (02/902)s Laminate Coupons
(02/902)s
Specimen ID
Smax/So
Smax, ksi
B2-4
B2-6
0.95
140
B2-A
Base
B1-7
So = 147 ksi
B1-8
0.85
125
B2-3
B1-9
B1-11
0.75
109
B1-12
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Smin, ksi
14.0

12.5

10.9

Table 4.1. Test Matrix for Fatigue Test of (02/902)s Laminate Coupons (Continued)
(02/902)s
Specimen ID
Smax/So
Smax, ksi
Smin, ksi
I1-9
I2-4
0.95
150
15.0
I2-5
Interleaved
I1-4
So = 158 ksi
I1-7
0.85
133
13.3
I1-8
I1-10
I1-11
0.75
118
11.8
I1-12

Table 4.2 lists the test matrix for the (06/906)s laminates. The same procedure was
followed for these tests as for the (02/902)s laminates. In this case, the stress values were
set according to the respective strength of the laminate and averaged according to the
results in Chapter 3. Ultimate strength for the (06/906)s laminates was close to that of the
(02/902)s laminates.

Table 4.2. Test Matrix for Fatigue Test of (06/906)s Laminate Coupons
(06/906)s
Specimen ID
Smax/So
Smax
BD1-4
BD2-5
0.95
139
BD2-6
BD1-8
Base
BD1-9
0.85
124
So = 146 ksi
BD2-2
BD1-10
BD1-11
0.75
110
BD1-12
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Smin
13.9

12.4

11.0

Table 4.2. Test Matrix for Fatigue Test of (06/906)s Laminate Coupons (Continued)
(06/906)s
Specimen ID
Smax/So
Smax
Smin
ID1-4
ID1-5
0.95
152
15.2
ID1-6
ID1-7
Interleaved
ID1-8
0.85
136
13.6
So = 160 ksi
ID1-9
ID1-10
ID1-11
0.75
120
12.0
ID1-12

Each test started with an initial compliance measurement with observation of
matrix cracking in the first cycle. The specimen was loaded to the designated maximum
stress level while strain and displacement data were simultaneously being collected.
Matrix cracking in the first cycle was due to the value of Smax exceeding the matrix
crack threshold stress for all tests. As reported in Chapter 3, the crack threshold stress
did not exceed 65 ksi for all laminates. The data acquisition system was set up in the
same manner as described in Chapter 3, also at a rate of five points per second. Data was
collected after each subsequent set of fatigue cycles to calculate the change in compliance
until delamination onset could be detected. A flow chart of the full test procedure is
shown in Figure 4.2. This figure illustrates the repetition and careful monitoring required
to collect the appropriate data necessary to complete the tests. The compliance was
calculated from the stress-strain response as the inverse of the slope of the curve (1/E, E
= Young’s modulus)
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Figure 4.2. Chart of the fatigue test process flow

The increments for fatigue cycle data acquisition are listed in Table 4.3. Due to
the instantaneous nature of the delamination onset of the (02/902)s laminates, the test was
monitored very closely during the first eight (8) fatigue cycle sets. Each test was run
until distinct evidence of delamination onset could be detected. At high stress levels such
as 0.95So, delamination onset was often captured by camera prior the end of the set and
the test was then aborted.
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Table 4.3. Fatigue Cycle Increments
Set #
Fatigue Cycles
1-2
500
3-4
1,000
5
2,000
6-8
5,000
9 - 10
10,000
11 - 18
20,000
19 - 24
50,000

4.2

Cumulative Cycles
1,000
3,000
5,000
20,000
40,000
200,000
500,000

Fatigue Test Results
Phases of composite laminate damage will be described as they relate to

delamination onset life.

The damage progression data for the base and interleaved

laminate specimens is organized in this section to show the compliance after each set of
fatigue cycles. Compliance change was observed to compare the damage progression of
(02/902)s base and interleaved laminates along with (06/906)s base and interleaved
laminates at each of the three stress levels..
4.2.1

Evaluation of (02/902)s Laminate Delamination Onset Life
The major damage associated with cross-ply laminates in fatigue loading are

transverse cracks in the 90⁰ layer and interfacial debonding at the (0/90) interface (Song
and Otani, 1997). Transverse matrix cracks propagate to the (0/90) interface and cause
delamination onset that result in interfacial debonding. A measure of the amount of
damage in the laminate leading to delamination onset is the compliance change.
Compliance change vs cycles as well as the S-N response for the (02/902)s laminate test
coupons was captured for each stress level.
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The compliance change vs cycles data was plotted according to the three stages of
fatigue damage of composite laminates (Varvani-Farahani and Shirazi, 2007). The first
stage (phase I) is the matrix cracking onset phase. During this phase transverse cracks in
the 90⁰ plies nucleate and multiply in the matrix material within the first 20% of the
fatigue life. It has been reported that this damage can occur in some polymers as early as
the first 2% of the fatigue life (Hussain and Shivakumar, 2011). Phase II is the longest
segment of the laminate fatigue life. For the (02/902)s laminates, it was shown that in this
phase the laminate will reach a state of crack saturation and no further matrix cracking
will occur. By the end of this phase, no further cracking in the 90⁰ layers can occur
without a change in the cracking trail (expansion and/or rotation) due to encounter with
the 0⁰ interface (Budiansky and Rice, 1973, O’Brien, 2009). Phase III is the period of
time after crack saturation before the cracks begin to cause delamination and ultimate
failure of the composite laminate.. Phase III is driven by the high interlaminar edge
stresses that are characteristic of cross-ply laminates.
Figure 4.3 illustrates this process as it relates to the study of delamination onset
fatigue life. Delamination onset is considered the end of the test as it is not necessary to
capture ultimate failure. As shown in the figure, Phase III is adapted as the phase before
delamination set occurs. In the delamination onset fatigue life, Phase III is being dubbed
herein as the energy release phase. During this phase, no more cracks appear due to
crack saturation. However, after a short dwell time, damage continues to occur at a very
swift rate resulting in delamination onset due to the expansion and/or rotation of the
cracking trail.
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Figure 4.3. Phases of (02/902)s laminate damage leading to delamination onset

The crack multiplication and delamination onset behavior of the free edge of the
laminate was captured during each fatigue cycle set. Photographs of the thin (02/902)s
base laminate and interleaved laminates at the different stages in delamination onset life
for the 0.95 stress level are shown in the figures that follow. The delamination onset life
of these coupons did not exceed 500 cycles. Crack saturation occurred during the first
cycle because of loading at the 0.95 stress level (140 ksi) exceeds the crack initiation
threshold stress for the base thin laminate (38 ksi). Therefore, the occurrence of phase I
during the first cycle was to be expected. Also, for the base laminates, ply separation at
the (0/90) interface occurred quickly after delamination onset.
Base [(02/902)s] thin test coupons shown in Figure 4.4. Figure 4.4 (a) is fully
delaminated at the (0/90) interface which occurred during the first 500 cycles. However,
the 0⁰ plies had not fully separated along the length of the test coupon.
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The ply

separation at this particular location occurred too quickly after crack saturation for the
delamination onset to be captured. Figure 4.4 (b) shows a base thin coupon during full
delamination after crack saturation. The delamination onset life in this case was also less
than 500 cycles but again, occurred too quickly to be photographed.

Figure 4.4. Base (02/902)s laminate during delamination onset life at Smax = 0.95So
(a) Delamination onset at 500 cycles (b) Full delamination at 500 cycles
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Figure 4.5 shows photographs of the interleaved (02/902)s laminate fatigued at the
Smax = 0.95So stress level. As shown, the interleaved thin interleaved laminate had a
delamination onset life of no less than four times longer than the base laminates. The
shortest delamination onset life was 2,000 cycles. Also, the thin interleaved laminates
were capable of remaining somewhat in-tact after delamination onset without any partial
or full ply separation at the interfaces as was seen with the base laminates shown in
Figure 4.4.
In Figure 4.5 (a), an interleaved thin test coupon is shown at the first detection of
delamination onset. This photo shows the capture of delamination onset prior to ply
separation. The figure shows that for the cross-ply layup, the interlaminar edge stresses
are highest at the (0/90) interface where this delamination onset was captured. Although
the interface where the delamination onset was observed was random (left (0/90)
interface or right (0/90) interface), in each case where delamination onset could be
observed, this behavior was present. Figure 4.5 (b) shows the same matrix cracking
behavior in the 90⁰ plies leading to delamination onset for an interleaved thin test coupon
at 10,000 cycles.

This delamination onset life is 20 times higher than that of any of the

thin base specimens. Even at this value of N, ply separation had not occurred in contrast
with the case of the base thin specimens. The delamination onset in this case also
occurred first at the (0/90) interface displaying typical cross-ply edge delamination onset
behavior.
It can be inferred that the interleaving not only delays the onset of delamination
but also delays the onset of ply separation due to delamination onset. This added
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interlaminar toughness is what is necessary to reduce interlaminar stresses and hence
mitigate delamination onset. Performance at the 0.95So, which is an extreme case,
indicates that the Nylon 66 nanofiber interleaving has the potential to mitigate
delamination of the laminate during loading.

Figure 4.5. Interleaved (02/902)s laminate, delamination onset life at Smax = 0.95So
(a) Delamination onset at 2,000 cycles (b) Delamination onset at 10,000
cycles
82

A sample of the compliance change versus cycles results for base laminate
coupons with (02/902)s stacking at the 0.95 stress level is shown in Figure 4.6. As shown,
the onset stage of matrix cracking occurs during the first cycle. As reported in the
previous chapter, cracks began to nucleate in the 90⁰ layers at about 40 ksi for base
laminates. This is only about 30% of Smax for the fatigue cycles therefore, this response
was expected. During the crack saturation stage, there was a change in compliance of
10%. There was an additional 40% change in compliance prior to delamination onset.
Delamination onset occurred very quickly after the crack saturation stage, often less than
100 cycles later.

Figure 4.6. Compliance vs. number of cycles (N), base (02/902)s laminate
at Smax = 0.95So
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The interleaved laminate coupons with (02/902)s stacking also displayed crack
nucleation in the 90⁰ layers during the first cycle. The first cracks occurred at about 45
ksi, only 30% of Smax for the fatigue cycles. Figure 4.7 shows the change of compliance
versus number of loadcycles for an interleaved laminate coupon. There was a 50%
compliance change during the crack saturation stage and an additional compliance
change of 57% prior to delamination onset. Delamination onset occurred in the 103 - 104
cycle range for all interleaved laminate coupons tested.

Figure 4.7. Compliance vs. number of cycles (N), interleaved (02/902)s laminate at
Smax = 0.95So

Photos for the base thin [(02/902)s] laminate fatigue test at 0.85 of So are shown in
Figure 4.8. The delamination onset life of these laminates was less than 3,500 cycles. As
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with the base laminates at the 95% stress level, the plies of the base thin laminates
fatigued at 0.85So separated very quickly after crack saturation and delamination onset.
Figure 4.8 (a) shows ply separation at the (0/90) interface at 3,000 cycles.

The

delamination onset life of this test coupon was not captured due to the immediate
separation of the plies. The number of cracks at saturation increased from that of the
specimens test at 0.95So. This increase was most likely due to the reduced level of stress
for this test. Figure 4.8 (b) shows the same ply separation behavior at 3,400 cycles. The
ply separation appears to be a characteristic fatigue behavior of the base (02/902)s
laminate.

Figure 4.8. Base (02/902)s laminate during delamination onset life
at Smax = 0.85So (a) at 3,000 cycles (b) at 3,400 cycles
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Figure 4.9 shows the delamination onset life for a thin interleaved laminate
coupon tested at 0.85So. This coupon exhibited delamination behavior that was different
than many other specimens. For this test, the coupon experienced delamination onset and
slight ply separation at 10,000 cycles. However, the delamination and separation was not
at the (0/90) interface. The delamination occurred at the (0/0) interface which does not
contain the electrospun Nylon 66 polymer nanofiber interleaving. Although the primary
load carrying constituent at this interface should be the fibers, this result shows that the
matrix has failed along the fiber direction without the polymer nanofiber reinforcement
layer.

Figure 4.9. Interleaved (02/902)s laminate during delamination onset life
at Smax = 0.85So

86

Figure 4.10 shows the compliance change vs cycles for the base thin (02/902)s
laminate coupons at the Smax/So = 0.85 stress level. The base laminate results shown in
the figure depict that the compliance changed by 20% during the crack saturation phase
after matrix cracking in the first cycle. There was another 40% change in compliance in
the energy release phase. Finally, the laminate withstood another change in compliance
of about 62% prior to delamination onset.

Figure 4.10. Compliance vs. number of cycles (N), base (02/902)s laminate
at Smax = 0.85So

The compliance vs cycles plot for the interleaved laminate is shown in Figure
4.11.

After the phase I matrix cracking during the first cycle, there was a 20%
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compliance change during phase II. There was a 60 % compliance change during phase
III. Prior to delamination onset, there was an additional 65% compliance change.

Figure 4.11. Compliance vs. number of cycles (N), interleaved (02/902)s laminate
at Smax = 0.85So

The final sets of fatigue tests were performed at 75% of So (0.75So). Figure 4.12
shows the thin base laminate photos. At the 75% stress level, the base laminate still
experienced ply separation (complete debonding) at the (0/90) interface following crack
saturation. Delamination onset life was less than 100,000 cycles but was not captured
prior to ply separation.
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Figure 4.12. Base (02/902)s laminate during delamination onset life at Smax = 0.75So
(a) 0 cycles (b) 500 cycles (c) 100,000 cycles

Figure 4.13 shows the thin interleaved laminate at delamination onset.

The

performance improvement of the polymer nanofiber interleaving was the most apparent
at the 75% stress level.

As the photograph shows, the laminate coupon had a

delamination onset life of 500,000 cycles.

This was 5 times longer than the best

performing base thin laminate coupon. Also, the interleaved test coupon did not reach
crack saturation on the first cycle at this stress level. Cracks continued to form and the
crack density increased as the number of cycle sets increased, as shown in the figure.
This was a common occurrence among the interleaved coupons tested at the 75% stress
level.
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Figure 4.13. Interleaved (02/902)s laminate during delamination onset life
at Smax = 0.75So, (a) 0 cycles (b) 500 cycles (c) 500,000 cycles

Figures 4.14 and 4.15 show the change of compliance vs cycles for the base and
interleaved thin laminates at the Smax/So = 0.75 load level. The base laminate had a 20%
change in compliance during the crack saturation stage. This response was also observed
for base laminates tested at 0.85So and 0.95So. During the energy release stage, there was
a 110% change in compliance. The compliance changed by 360% from energy release to
delamination onset. As could be expected, the base laminate was able to withstand the
largest amount of damage during the lowest stress level.

However, the interleaved

laminate had several times longer delamination onset life than the base laminate.
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Figure 4.14. Compliance vs number of cycles (N), base (02/902)s laminate
at Smax = 0.75So

Major differences in delamination onset life occurred at the Smax = 0.75So stress
level. Delamination onset was not observed in many of the thin interleaved laminates.
The interleaved (02/902)s had matrix cracking in the first cycle and crack saturation after
a 20% change in compliance. This behavior was similar among all of the (02/902)s thin
interleaved laminates tested. The energy release phase resulted in a 110% change in
compliance, the same as the base laminate. There was a 500% change in compliance
while the coupon was fatigued to 500,000 cycles but the specimen did not delaminate.
This was considered the endurance limit and the test was ended.
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Figure 4.15. Compliance vs. number of cycles (N), interleaved (02/902)s laminate
at Smax = 0.75So

4.2.2

Evaluation of (06/906)s Laminate Delamination Onset Life
An identical fatigue testing procedure was followed for thick (06/906)s base and

interleaved laminates as was followed for the thin (02/902)s laminates. Figure 4.16 shows
the delamination onset life for the base (06/906)s thick laminate coupon fatigue tested at
0.95So. As shown in the photo, the base laminate had a delamination onset life of 1,000
cycles.

This was surprisingly higher than the delamination onset life of the thin

specimens test at this stress level.

However, the other base thick laminates had a

delamination onset life equal to that of the (02/902)s laminate coupons. The delamination
onset was much easier to capture for the (06/906)s laminates.
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Figure 4.16. Base (06/906)s laminate during delamination onset life
at Smax = 0.95So, (a) 0 cycles (b) at 0.95So (c) 1,000 cycles

The interleaved laminate coupon with (06/906)s stacking fatigue tested at the
0.95So stress level is shown in Figure 4.17. This coupon had a delamination onset life of
2,800 cycles. This is more than 4 times the delamination life of the base laminates of
both stacking sequences. Other interleaved laminates reached up to 10,000 cycles at this
stress level. This is an indication that even with the extremely high interlaminar stresses
that are an expected characteristic of (0n/90n)s laminates with n ≥ 6, the electrospun
Nylon 66 nanofiber interleaving is helping to mitigate the onset of delamination. There
was also an increase of cracks with increased cycles in the thick interleaved specimens.
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Figure 4.17. Interleaved (06/906)s laminate during delamination onset life
at Smax = 0.95So, (a) 0 cycles (b) at 0.95So (c) 2,800 cycles

Figure 4.18 shows the compliance vs cycles for the thick base laminate at the S max
= 0.95So stress level. These specimens displayed very brittle behavior. There was only a
20% change in compliance from the onset of matrix cracking to the onset of
delamination.

The phases of damage were not readily distinguishable.

This is an

indication that the base laminate with (06/906)s stacking had interlaminar stresses that
were so high that the laminate may have gone directly from the matrix cracking phase to
delamination onset. The damage in these laminates occurred too quickly for the data to
follow the phases of the typical laminate failure curve. Compliance change could not be
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captured experimentally during the crack saturation and energy release phases. It appears
that Phase II and Phase III were not recordable.

Figure 4.18. Compliance vs. number of cycles (N), base (06/906)s laminate
at Smax = 0.95So

Figure 4.19 shows the change of compliance vs cycles for the thick interleaved
laminate at Smax = 0.95So. This figure shows more distinct damage phases. The matrix
cracking onset occurred in the first cycle and there was a 10% compliance change during
crack saturation. There was a 22% compliance change during the energy release stage.
A 58% compliance change occurred from energy release to delamination onset. The
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interleaved laminate damage accumulation occurred according to prescribed typical curve
for laminate damage as previous specimens. Comparatively, the interlaminar stresses
were relieved even with increased thickness.

Figure 4.19. Compliance vs. number of cycles (N), interleaved (06/906)s
laminate at Smax = 0.95So

Photographs of the base (06/906)s laminate delamination onset life at 0.85So are
shown in Figure 4.20. At this stress level, the specimens were not able to achieve
delamination onset life of more than that which was achieved at the 0.95S o stress level.
This could be due to the high interlaminar stresses caused by the 24-layer cross-ply
layup. Delamination onset was captured in two places along the (0/90) interface.
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Figure 4.20. Base (06/906)s laminate during delamination onset life
at Smax = 0.85So, (a) 0 cycles (b) at 0.85So (c) 500 cycles

The interleaved (06/906)s laminate delamination onset life was captured in photos
as shown in Figure 4.21. The delamination onset life of the interleaved specimens at the
0.85So load level was 10,000 cycles. This was 20 times that of the base laminate with the
same stacking.

The interleaved laminate also had an average of 12 cracks at

delamination onset with a crack density of 24 cracks/in. This was nearly twice as many
as the eight cracks (16 cracks/in.) that were counted for the base thick laminate tested at
the 0.85 So stress level.
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Figure 4.21. Interleaved (06/906)s laminate during delamination onset life
at Smax = 0.85So (a) 0 cycles (b) at 0.85So (c) 10,000 cycles

Figures 4.22 and 4.23 show the compliance vs number of cycles for the base and
interleaved thick laminate coupons tested at Smax = 0.85So. Figure 4.22 shows that the
base thick laminate coupon tested at the 0.85 stress level displayed brittle behavior with
the data only displaying the matrix cracking onset phase and delamination onset. Phase
II (crack saturation) and Phase III (energy release) were not capture by the data. Even at
a 10% lower stress level, the base thick laminate still accrues damage too quickly for the
compliance change to be recorded. Therefore, just as with the coupons at the 0.95So
stress level, the stages of damage were not distinguishable.
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Figure 4.22. Compliance vs. number of cycles (N), base (06/906)s laminate
at Smax = 0.85So

The response for the thick interleaved specimen at the 0.85So stress level is shown
in Figure 4.23. Behavior of the interleaved laminate at this stress leveled followed the
typical laminate damage behavior just as the interleaved laminated at higher stress stress
level. The crack initiation phase occurred in the first cycle and crack saturation occurred
after a 20% compliance change at about 100 cycles. The compliance changed by 42%
during energy release and an additional 40% prior to delamination onset which occurred
at 10,000 cycles.
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Figure 4.23. Compliance vs. number of cycles (N), interleaved (06/906)s laminate
at Smax = 0.85So

Photographs of the final set of fatigue delamination onset life tests for base
(06/906)s laminates at the Smax = 0.75So stress level are shown in Figure 4.24. The
delamination onset life of these specimens was 10,000 cycles.

For consistency, all

specimens were coated before the beginning of the first fatigue test. The coating had
began to degrade during this test which distorts the appearance of some of the cracks.
This is not crack opening, it is areas where the coating has chipped off around the cracks.
There were three distinctly observable occurrences of delamination onset for this test at a
crack density of 20 cracks/in.
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Figure 4.24. Base (06/906)s laminate during delamination onset life
at Smax = 0.75So (a) 0 cycles (b) at 0.75So (c) 10,000 cycles

Figure 4.25 shows photographs of the delamination onset life for an interleaved
(06/906)s laminate specimen tested at 0.75So. The average delamination onset life of the
interleaved specimens was 30,000 cycles. This was 3 times longer than the delamination
onset life of the base laminate with the same stacking. However, the (02/902)s laminate
had an average delamination onset life that was more than an order of magnitude longer
than the (06/906)s laminate at the 0.75So stress level.
This photograph is also an excellent example of “crack integration” (VarvaniFarahani and Shirazi, 2007). As the cracks approach the (0/90) interface, the energy
release along the interface causes the cracks to combine. This combination of cracks
along the interface is the crack integration. The aforementioned energy release stage is
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somewhat of a holding period of time after crack saturation but before crack integration
which leads to delamination onset.

Figure 4.25. Interleaved (06/906)s laminate during delamination onset life
at Smax = 0.75So (a) 0 cycles (b) at 0.75So (c) 30,000 cycles

Figures 4.26 and 4.27 show compliance change response for the base and
interleaved thick laminate coupons tested at Smax = 0.75So. In Figure 4.26, it is shown
that matrix cracking occurred in the first cycle and crack saturation occurred after 5%
compliance change. There was a 20% compliance change during the energy release
stage. Delamination onset occurred after a 60% compliance change.
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Figure 4.26. Compliance vs. number of cycles (N), base (06/906)s laminate
at Smax = 0.75So

The interleaved thick laminate response for the 0.75So stress level is shown in
Figure 4.27. The response was very similar to the base (06/906)s thick laminate. Crack
initiation occurred during the first cycle and crack saturation occurred after 4% change in
compliance at about 200 cycles. There was a 20% compliance change during the energy
release stage which was distinguishable up to about 1,000 cycles. This compliance
change at this stage of delamination onset life was similar to that of the interleaved
(02/902)s thin laminate. An 80% compliance change followed leading to delamination
onset which occurred at nearly 100,000 cycles.
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Figure 4.27. Compliance vs. number of cycles (N), interleaved (06/906)s
at Smax = 0.75So

4.3

Fatigue Data Fit and Delamination Onset Damage Model
Typical representations of the stress vs. number of cycles to delamination data are

presented. This data is compared among the (02/902)s base and interleaved laminates
then the (06/906)s base and interleaved laminates. Finally, the (02/902)s thin laminate
delamination onset life is compared to that of the (06/906)s thick laminates. A damage
model is presented to show the behavior of each laminate during fatigue life and
compared to the compliance results.
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4.3.1

Fatigue Data and Data Fit
Table 4.4 lists a summary of the fatigue delamination onset life for the thin

(02/902)s base and interleaved laminates. As listed, the interleaved laminates exhibited
significant improvements at each stress level. The most notable delamination onset life
extension was achieved at 0.75So.

Table 4.4. Delamination Onset Fatigue Life of (02/902)s Laminates
Cycles to
Cycles to
Specimen
(02/902)s
Smax/So
phase II,
phase III,
ID
NII
NIII

Base

Interleaved

B2-4
B2-6
B2-A
B1-7
B1-8
B2-3
B1-9
B1-11
B1-12
I1-9
I2-4
I2-5
I1-4
I1-7
I1-8
I1-10
I1-11
I1-12

0.95

100

400

0.85

100

8,00

0.75

200

5,000

0.95

200

2,000

0.85

100

3,000

0.75

200

7,000

Cycles to
Delamination
Onset
500
500
500
3,400
3,000
3,000
10,000
30,000
100,000
10,000
10,000
2,000
10,000
5,000
10,000
500,000
500,000
500,000

Table 4.5 lists a summary of the fatigue delamination onset life for the (0 6/906)s
base and interleaved laminates. As listed, the interleaved laminates exhibited an 89%
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improvement of delamination onset life at the 0.95So stress level.

The interleaved

laminates had an 82% improvement of delamination onset life at the 0.85So stress level.
An improvement of 85% delamination onset life was achieved at the 0.75So stress level.
There was a slightly greater delamination onset life improvement at the 0.75S o stress
level than the 0.75So stress level.

Table 4.5. Delamination Onset Fatigue Life of (06/906)s Laminates
Cycles to
Cycles to
Specimen
(06/906)s
Smax/So
phase II,
phase III,
ID
NII
NIII

Base

Interleaved

BD1-4
BD2-5
BD2-6
BD1-8
BD1-9
BD2-2
BD1-10
BD1-11
BD1-12
ID1-4
ID1-5
ID1-6
ID1-7
ID1-8
ID1-9
ID1-10
ID1-11
ID1-12

0.95

***

***

0.85

***

***

0.75

200

1,000

0.95

100

2,000

0.85

100

1,000

0.75

100

2,000

Cycles to
Delamination
Onset
800
500
500
500
500
10,000
10,000
20,000
10,000
2,800
10,000
5,000
10,000
10,000
40,000
30,000
30,000
200,000

The S-N response for the stress versus delamination onset life (NDO) of the
(02/902)s laminate is shown in Figure 4.28. This log-log plot of (Smax/So) versus the
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number of cycles to delamination onset data falls on a typical straight line which can be
represented by a power law equation. The data follows a power law equation of the form
shown in Equation (4.1).

S max
So


 N DO

(4.1)

Here,  is defined for the first cycle and is a ratio of the normalized shear stress of
the composite and the shear strength at the ply interface. The slope if the log-log plot is
defined by . Values for and  for both thin and thick laminates are listed in Table 4.6
below.
The right horizontal shift of the interleaved data shows the improved fatigue
performance of the interleaved laminate. An increase in the shift occurred with decreased
stress level (0.95So, 0.85So, 0.75So) with the largest shift being at 0.75So. A comparison
of the base and interleaved (02/902)s laminate delamination onset fatigue life is listed in
Table 4.7. Note that interleaving of AS4/3501-6 composite laminates by a small percent
weight (0.35%) of Nylon 66 nanofibers increased the fatigue delamination onset life by
about one order of magnitude.

Table 4.6. Constants in S-NDO Equation
Base
Layup

Interleaved









(02/902)s

1.29

-0.052

1.29

0.000

(06/906)s

1.25

-0.051

1.59

-0.065
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Figure 4.28. S-NDO response for (02/902)s laminates

Table 4.7. Average Delamination Onset Life Comparison for (02/902)s Laminate
Average Cycles to Delamination
Delamination Onset
Onset
Life
(Order of
Smax/So
Base
Interleaved
Magnitude)
0.95
0.85
0.75

500
3,133
46,667

7,333
8,333
500,000

15
3
11

A similar analysis of the S-NDO response for (06/906)s laminates is shown in
Figure 4.29. A shift to the right of the interleaved laminate data points also occurred
here. Like the (02/902)s laminates, the (06/906)s laminate had significantly improved
delamination onset fatigue life with interleaving. A comparison of base an interleaved
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(06/906)s laminate response is listed in Table 4.8. As the table shows, the interleaved
(06/906)s laminates achieved longer delamination onset life by at least 6 orders of
magnitude at each of the three stress levels. The highest improvement in performance
was achieved at the highest stress level (0.95So).

Figure 4.29. S-NDO response for (06/906)s laminates

Table 4.8. Average Delamination Onset Life Comparison for (06/906)s Laminate
Average Cycles to Delamination
 Delamination Onset
Onset
Life
Smax/So
Base
Interleaved
(Order of Magnitude)
0.95
600
5,933
10
0.85
3,667
20,000
6
0.75
13,333
86,667
7
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4.3.2

Damage Modeling of Cross-ply Laminate
A stiffness reduction model derived by Varvani-Farahani and Shirazi in 2007 for

cross-ply laminates was used to represent the damage of accumulation of a (0/90) fiber
reinforced polymeric composite.

Figure 4.30 shows a comparison of the damage

accumulation for (02/902)s base and interleaved laminates based on this model. The
compliance is displayed in the figure as the damage (1-E/Ec). For this study, E, the
modulus after damage, was taken as the slope of the stress-strain curve generated after
each set of fatigue cycles. The initial modulus Ec was captured by doing a ramp to the
Smax/So stress level (0.95So, 0.85So, 0.75So) at the beginning of the test. In essence, this
is the first cycle of the fatigue test and is where most of the Phase I matrix cracking
occurs.
As shown in Figure 30, the base laminate has significantly higher damage
accumulation that occurs much more quickly than that of the interleaved laminate. Also,
the base laminate reaches the point where damage accumulates exponentially within an
order of magnitude fewer cycles than the interleaved laminate. This is the delamination
onset stage of damage that occurs just before failure. The damage accumulation for the
interleave laminate appears linear and flat for nearly the first 1,000 cycles then increases
more quickly.

Conversely, the base (02/902) laminate accumulated damage quickly

throughout its delamination onset life and did not show any linear behavior during the
test. This is an example of the increased toughness permitted by the added interleaving
of the laminate.
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Figure 4.30. Damage accumulation comparison for (02/902)s laminates

Figure 4.31 shows the damage accumulation comparison for the base and
interleaved (06/906)s laminates. This plot shows that the thicker laminates had similar
damage performance as the thin laminates.

The base laminate had faster damage

accumulation than the interleaved laminates and reached its exponential damage
accumulation level at nearly an order of magnitude fewer cycles than the interleaved
laminate. This shows that even with laminates of high interlaminar stress such as the
(0n/90n)s stacking with n = 6, electrospun Nylon 66 polymer nanofiber interleaving
reduces the damage accumulation rate in (0n/90n)s laminates.
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Figure 4.31. Damage accumulation comparison for (06/906)s laminates

Upon observation of the results in Figures 4.30 and 4.31 and the compliance
change data in the figures in section 4.3, these results are in agreement with the
experimental data. Prediction of the phases is also in agreement with these plots as the
matrix cracking phase still appears very early in the fatigue life such that it is not
distinguishable on the curve. This was favorable in that compliance change is also a
measure of damage. The damage accumulation model closely predicts the damage
accumulated by the laminates during delamination onset life. This is also a slightly more
comprehensible way of representing this data.
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4.4

Summary
Tension-tension fatigue tests were performed on base and interleaved laminates

with (02/902)s and (06/906)s stacking for delamination onset life.

The tests were

performed stress levels of 95%, 85%, and 75% of the laminate failure stresses found in
Chapter 2. A cyclic stress ratio of 0.1 was applied for all tests.
Fatigue test data revealed the three phases of failure of composite laminates: crack
initiation, crack saturation, and energy release. The energy release stage was adapted to
describe the stage of delamination onset life that occurs after crack saturation and before
delamination onset. In this phase, the cracks in the 90⁰ layer reach the 0⁰ interface and
will soon connect along the (0/90) interface resulting in delamination onset.
Cyclic stress versus delamination on-set life (NDO) data was found to fit to a
standard power law equation. The delamination onset life was extended significantly by
electrospun Nylon 66 nanofiber interleaving for both (02/902)s and (06/906)s laminates.
For the eight-ply interleaved laminate coupons, the delamination onset life was extended
by 200 – 1400% depending on stress level. The 24-ply interleaved laminate coupons had
an extended delamination onset life of 500 – 900%. The damage accumulation data
agreed very well with the model proposed for predicting the fatigue damage
accumulation of (0/90) laminates for both base and interleaved laminates.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
RESEARCH

5.1.

Concluding Remarks
Knowledge of the delamination onset stress and delamination onset life of

laminated composite materials is essential in establishing design allowables for
composite structures and their safe operation in aviation. Uniform axial tension testing
has been used to determine the delamination onset strength of base and interleaved
AS4/3501-6 carbon/epoxy laminates with (02/902)s and (06/906)s stacking.

The

interleaving material was made of electrospun Nylon 66 nanofiber placed at the (0/90)
interfaces. Crack initiation stress, crack density at crack saturation, and the delamination
onset stress were recorded and compared. Additionally, the fatigue delamination onset
life was determined by tension-tension fatigue testing for stress levels of Smax/So = 0.95,
0.85, and 0.75. The ply grouping effect was also studied.
Electrospun Nylon 66 polymer nanofiber sheets were produced using an in-house
built apparatus with a single traversing nozzle and rotating collector drum. The apparatus
produced polymer nanofiber sheets 14 inches long and 12 inches wide. The electrospun
Nylon 66 nanofiber interleave layers were placed between the 0⁰ and 90⁰ ply in all of the
interleaved laminates.
In the present study, the areal density of the electrospun Nylon 66 nanofiber was
calculated as about 0.95 g/ m2, which is about 0.4% of the areal density of one ply of the
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composite material. Static tensile tests were performed on base and interleaved cross-ply
laminates to quantify the matrix crack initiation threshold stress, crack saturation density,
and to establish a stress versus delamination onset life relationship. Tension-tension
fatigue tests were performed on base and interleaved laminates with (02/902)s and
(06/906)s stacking for delamination onset life. The tests were performed stress levels of
95%, 85%, and 75% of the laminate failure stresses. A cyclic stress ratio of 0.1 was
applied for all tests.

5.2

Static Tension Test
Based on this experimental study, the following conclusions were made: for base

(02/902)s thin laminates the measured value for matrix crack threshold stress, crack
saturation density, and the failure stress were 38 ksi, 41 cracks/in and 147 ksi,
respectively. Whereas the values were 45 ksi, 43 cracks/in., and 158 ksi respectively for
the interleaved thin laminate. With interleaving, matrix crack threshold stress increased
by 15%, crack saturation density increased by 5%, and the failure stress increased by 7%
for the thin laminates.
For base (06/906)s thick laminates the matrix crack threshold stress, crack
saturation density, and the failure stress were 55 ksi, 20 cracks/in., and 146 ksi,
respectively. The same respective values for the interleaved thick laminate were 62 ksi,
26 cracks/in., and 160 ksi. With interleaving, matrix crack threshold stress increased by
10%, crack saturation density increased by 20%, and the failure stress increased by 10%
for the thick laminates.
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5.3

Tension-Tension Fatigue Test
Tension-tension fatigue tests were performed on base and interleaved laminates

with (02/902)s and (06/906)s stacking for delamination onset life.

The tests were

performed stress levels of 95%, 85%, and 75% of the laminate failure stresses. A cyclic
stress ratio of 0.1 was applied for all tests.
Fatigue test data revealed the three phases of failure of composite laminates.
Cyclic stress versus delamination on-set life (NDO) data was found to fit to a standard
power law equation.

The delamination onset life was extended significantly by

electrospun Nylon 66 nanofiber interleaving for both (02/902)s and (06/906)s laminates.
For the eight-ply (02/902)s interleaved laminate coupons, the delamination onset life was
extended by 200 – 1400% across the three stress levels. The 24-ply (06/906)s interleaved
laminate coupons had an extended delamination onset life of 500 – 900% across the three
stress levels. The damage accumulation data agreed very well with the model proposed
for predicting the fatigue damage accumulation of (0/90) laminates for both bare and
interleaved laminates. In summary, the Nylon 66 nanofiber interleaving of AS4/3501-6
carbon/epoxy composite laminate improved matrix crack threshold strength, crack
saturation density, ultimate strength, and delamination onset life.

5.4

Recommendations for Future Research

5.4.1

Electrospun Nylon 66 Nanofiber Content Variation Studies
Increased nanofiber content is necessary. It has been documented that optimal

results are achieved for nanofiber content of at least 1% by weight (Lingaiah,
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Shivakumar, and Sadler, 2008). Research on the effect of nanofiber content of 1%, 1.5%,
and 2% is a worthwhile endeavor.

It would be a viable contribution to the edge

delamination mitigation body of knowledge to confirm the theory that the best results
would require at least 1% electrospun Nylon 66 nanofiber.
5.4.2

Multi-functional Electrospun Nylon 66 Nanofiber Design
The addition of carbon nanotubes (CNTs) to the polymer nanofiber would be a

novel approach to adding a multi-functional aspect to this material. Lightning strike
resistance and other aviation safety parameters involving conductivity would benefit from
this modification. Carbon nanotube dispersion techniques could be explored as well as
process improvement for producing the electrospun nanofiber in order to insure the
quality of the multi-functional engineered material. A study was published in 2003
describing a process of electrospinning of 1% to 5% of carbon nanotubes in a solution of
polyacrylonitrile (PAN) (Ko, Frank, et. al., 2003). Mechanical property enhancements
were discovered with less than 2% CNTs. Figure 5.1 shows a schematic of the process.

Figure 5.1. Schematic of the electrospinning process with CNTs (Ko, Frank, et. al.,
2003)
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As shown in Figure 5.1, the carbon nanotubes would be added to the polymer solution
prior spinning. A dispersion technique should be adapted such that agglomeration or
clumping of the nanotubes does not occur. This can be explored by first studying the
relationship and behavior between the Nylon 66 solution and different types of CNTs
(multi-walled, double-walled, single walled). Several reference studies are available for
review however; the use of Nylon 66 is a novel approach to producing CNT reinforced
electrospun polymer nanofibers.
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